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, " CHAPTER V

DYNAMICALLY CONIR OLLED BLECTRON STRE A

1. The Principles of Phase Focusing of an Electron Stream

We have alresdy noted (Paragraph 2.3) that the principles
of dynamic control of an electron stream consists in the action
of a rapidly alternating electric £ield on electrons possessing
a considerable velocity VO acquired through the action of the
accelerating constant potentisl Uge The individual electrons or
groups of electrons that are subject to the action of the veri-
ous phases of the alternating field acquire various velocities
and form regions of jncreased electron density in space, owing to
the faster electrons overtaking and passing the slower ones. The
current or charge densities produced in the stream at the places
of "overtaking" may be meny times as high as the initial values
that characterized the stream on its emission from the cathode.
Thus, the dynamic control of the electron stream, which aims at
creating considerable densities in the stream by the mutual veria-
tion of its in;i.ividual perts, is subdivided into two basic pro-
cesses: (a) what is termed "velocity modulstion®, or the variation
of the velocity of individual electron-groups under the influence
of a high—frequﬁncy'alter‘nating field; and (b) "density modulation®,
or the formation of condensations in the further course of the mo-

tion of the stream.

Detailed consideration of the dynamic control of the electron
stream from the very interesting and fruitful viewpoint of "phase

| focusing" was first given by Briiche and Recknagel /1/. By drawing

an analogy between the behavior of a pencil'.of light rays focused
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by a lens and san electron stream controlled by a gap with a high-
frequency electric field ("phase lens"), the following picture
(Figure 5.1) may be imsgined. A perallel beam of rays leaving
diaphragm D encounters the lens L on its patiu and at a certain dis-

tance from it, at the point F, the rays of tﬁe beam meet at a focus

(Figure 5.la). Let us compare Figure 5.,1b with this; an electron

&)

e \1 F

F}t'

Figure 5.1

beam, consisting of a uniform sequence of electrons with equal
velocities, moves from left to right through diaphragm D, which
acts like the shutter of a camera to cut out of the stream a series
of electron-groups of uniform length ("packe'ts"). The length of
each group and the time of its passage psst an observer at rest
are equivalent to the breadth of the beam in the optical example.,
This sequence of "electron~packets" passes through the space L -
the "phase kns" -- in which an electric field is concentrated,
which varies in time and is parallel to the direction of the elec-

tron stream. The field at L varies in such a way that &t the mo-
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ment the first electrons of any packet reach the fisld L, that
field will be ariented so as to retard these electrons, which
will consequently leave the field at somewhat lower velocitles
than their initial wel icities. On the other hand, the last elec~
trons of the packet dall into a field that accelerates them, and
therefore will emergs from the field at velocities higher than
their initial velocities, The electron packets thus become gradu-
ally denser as they travel on, since the electrons moving in the
rear overtake those 'moving in the front; and at a certain distance
f a "focusing" occurs: the electron-packet under consideration is
transformed into an infinitely thin sheet, and all its constituent

electrons then lie in the same plans,

| \ t
/ t= “C/\/o

Figure 5.2

This process may be illustrated by the time~-distance diagram

g of electron movement in Figure 5.1b, where the time is laid off
along the vertical axis. Up to the "phase lens", a pencil of par- ’
allel lines corresponds to the electrons, and the slope of these

lines defines the velocity of the electrons. After reaching the
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phase lens, the slope of the 1ines (end consequently also the velonc—
ities of the electrons) is varied so that they all intersect at the

point F.

The character of phase focusing obviously depends on the
law of variation for the electric field in the phase lens. If the
electr on-packets are very short, then their focusing will occur un-

der a linear law of veriation of the field in the phase lens.

If the electron-packets are very long, which case corres-
ponds to a very brosd pencil in optics, a field varying by & linear
law will not yield good focusing results. In this case the poten-

tial of the field should vary according to the lawsd

U= —2 S DN | (5.1)

where v, is the velocity of the "middle" of the electron packet
passing through the "optical center" of the phase lens. The graph
: u(t), constructed accarding to equation (5.1) is presented in Figure
5.2, It will be seen that an electron traversing the lens at time
t = 0 does not experience the influence of the field. An electron
traversing it at time ¢ = f/vO must experience an infinitely great
velocity—increment to overtake the other electrons at the focus.
: For the electrons still farther behind, all consideration is de-
void of meaning, gince it is impossible to focus electrons that

pass thr ough the field only when those that have alrezdy traversed

it have been focused. It is clear that the longer the focal
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Figure 5.3

length end the lower the electron velocity, the longer the elec-

tron-packet that can be focused.

The process of phase focusing of an electron stream thus
enables us to transform an uninterrupted electron stream of low
intensity into a series of separate pulses of cons iderably greater
intensity. The degree of intensification obviously depends on how
well the focusing proceeds. If the course of the potential at
the phase lens represented a periodic repitition of the curve
defined by equation (5.1) (Figure 5,3), then the electronstream
could be transformed almost completely into periodic surges of
great density at the focus. However, it is still impossible to
obtain the desired course of the potential at UHF, and consequent-
ly the attainment of full focusing of the stream cannothbe ex-

pected.

The "incomplete" phase focusing of the electron stream that

is obtained with any law of variation in intensity at the phase

! lens, other than that described by equation (5,1), may be imagined
as follows. An uninterrupted electron stream passing through the

phase lens may be represented in the form of a sequence of short
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electron-packets moving one after the other., The variation in
the potential during the passage of each of these packets may be
represented as linear (a segment of the tangent to the actual
variation in the potential at the given point). The velocity of
the "middle" electron of each packet will, of course, vary from
packet to packet in accardance with the law of the variation in
the potential. We must deal then not with a single focus, but
with a whole "caustic", to use an optical term. Each electron
packet will be focused at a definite distance from the phase lens,
as a result of which there will be a whole sequence of successive
foci in space and in time, which may be represented as the dis-
placement of one or more focal condensations /uplotneniya/ along
the electron stream, which displecement takes place according to
a definite law. For a detailed study of the focusing of the stream
in this case, the concepts of the "locus of the foci' and the “ra-

jectory of the foci" must be plotted on time-distance diagrams.

Following the fairly numerous works devoted to the problems
of phase focusing, let us analyze this phenomenon more in detail
/2-8/. Let us leave in farce the usually employed restrictions:
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(a) We neglect the interaction of the electrons in the stream;

(b) We neglect the statisticsl distribution of alectron veloc—

(¢) We consider the time of tramsit through the field of the
velocity modulator (the phase lens) as very small in compar ison

A ‘ with the period of veristion in the velocity.

Tgking these simplifications into account, let us imagine an
uninterrupted electron stream that arrives from a wniformly emit-
ting cathode at the zone of acceleration Ko (Figure 5.,4)., The grids
A end B, carrying the high accelerating potential Ug, are connected
to a source of alternating VHF voltage, 80 that the difference of
potential between them varies according to some law U(t). If the
middle electron of any packet passes throwh the field of the pehse
lens (velocity modulator) AB, with velocity v, ab the moment of time
t = 0, when the alternating potential is equal to zero, then another
electron, passing later by the interval dt, will transverse the field
under the action of the potential

av :%—%— at (5.2) I

The new velocity vl may be found from the law of conservation

of energy

2
2.0
mv,_ = IV U !
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Let
D= 3 U 2= av
T m at ]
Then
v %= v24 2bdt.
1
Or
1 § ‘
, :V<1+ ?_Ddt)ﬁ,;(v 14 Ddt (5.4)
1 ) v

Then the paoth x, over which the second electron passes up

to time t, after lesving the modulator, is egual to

= X 1 = P-dL .d_'_t‘. =
x vl(u—-dt) v(l-\' v-2>t(l—t)

= [1 4 at %2— %ﬂ (5.5)

The determination of the focal length *p reduces down to
the determination of that value of X which shall be inde pendent
of dt, that is, of the moment of passxge of the electron through

the modulator. The condition for this is obviously that

0*

Slo
ol

Here t = tf, the time when focus is attained, and, con- :
sequently, Xp = vtf; consequently

1
*p

<1\)!U

(546)
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But since D = v%% = I%. %%1, then the "focal length xp" may

be expressed as

X = o 2 v (5.7)
D av/dt e . dl

These expressions are true for any law of variation of

potential and velocity with the time.

In the subsequent discussion the follosing notation will
be consistently employed: tg -- the instant or time the electron
starts to leave the modulator (in passing through the plane x = 0);
vy ™ the velocity corresponding to this moment; t -- the current
time (instent); tp -- the instant of focus; A the time interval
taken to travel any distance, for example, 't_[ , the time between
leaving the modulator and focus, and x —- the distance from the

modulator.

5.2 General Relationships

Let us imagine an uninterrupted electron stream, arriving
at the modulator (Figure 5.4) with the veloclity Ve At its exit
from the modulator, the velocities of the individual electron pac-
kets are distributed according to some periodic law vs(ts). Teking
these simplifications into account, we shall suppose that each of the
electron packets carries the same charge dg, and let us follow up
the deformation of these packets during their subsequent motion.
Each packet is naturally subject to the law of conservation of

charge, and vconsequently
dq = constant (5.8)

for any point on the path and for eny time, but the length of

the packet, in ‘convséquehce'of the difference in the velocities

of‘the‘ electrons that compose it, chénges. The general re=-
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lationships that characterize this yeriation of length, may alao be
used as the fourdation of the study of the properties of a velocity-
modulated electr on=stream. If eny given packet 49 leaves the modu~
lator during a certain definite t,ime—interval by then by virtue of

(5.8) we may write, for unit cross-section area of the stream

= j,at (5.9)

where jo is the current density produced by the electron packet

in question at the instant it leaves the modulator, while Jx and
dtx are respectively the current density and the time interval
that characterize the passage of this samé packet through a point
located at distance X from ‘the modulatore. By virtue of assunpt ion
(c) the value of J, mey be considered constant and determined DY

tne cathode emission (alloding for that part of the current ab-

sorbed by the modulator grids); and the quantity iy mey be expressedv

as

- (5.10)

jy_g jo at
—
k-

If the transit time /bx from the modulator to the given

point be taken SO that

by = ts'\“,(\’x)

then the current density at any point of the electron stream will

be represented in the following manner::

i
|
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The expressions (5,10) end (5,11) are true for all laws of
variation of the modulating field intensity, and no matter what
the subsequent fate of the electron stream is to be. The latter
is obviously determined by the electrical corditions of the space

beyond the modulator.

In the preceding section we assumed that the electrons
moved by their inertia after their exit from the modulator. In
specific apparatus, however, this is not necessarily the case:
on leaving the modulator, the electron stream may impinge on a
retarding or accelerating electric field, sometimes in combination

with megnetic fields as well.

By using equations (510) and (5.11), we may obtain the con-
ditions for focugsing, which are formally expressed in the form:
g © o . Physically this corresponds to the instent when a}l
the electrons of a given packet are disposed in the single plane
X = Xp, perpendicular to the direction o stream flow. The con-
dition jx = o reduces down to

dtx aty
= - 12
i, "0 or 14— = O (5.12)

Equations (5.10) to (5.12) constitute the most general re-
1ationships, and ensble us to study the gemeral properties of elec-
tron stream subjected to phase foecusing, indeperd ently of the law
of variation of electron veloclty in the modulator and of the sub-

sequent fate of the electromse

Let us‘-;)ut some of these gener al relationships into concrete

form, aésuming that for aﬁy 1aw ‘of variation in the velocity, the
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electric field past the modulator is equal 0. zero, and the
further motion of the electrons proceeds by virtue of their

inertia, at the velocities they have when they leave the modula=

tor. Then

% = vglty) (g = te) = vy(tg) (5.13)

\ For any value of x it 1s obviously possible to write
oA
¢ 9\_\1\5 -+ \/5 &x -
x ke At
whence
Al Ly Vs
==~ N, a4t (514)
d:tl& S &‘— s oLy

This mesns that the current density at any point x of the

gtream moving by inertia mey be exmressed

R B I
3x=5°”\(+§§_ﬁ\"3° |-t &

Al s At (5.15) §
Inasmuch as /t)( [vg x/vsz, then, remember ing that
| | e =

, We may obtain the somewhat more convenient expression
s

0\1 - x 1.5.2\
vS (5-16)

: It followé from this equation that the conditions for
. ”

focusing are

»"?rfl
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from which the value of the focal length Xy M&Y be found:

vg? (5.18)

This expression, a8 may readily be seeh, coincides with
(5.7) 5 which we obtained on energetic considerations . Sybst i~
tuting (5.,18) in (5,16), it is possible o express the current

density somewhat aif ferently:

I .0\1__;;_\ (5.19)

.) ’ ?‘/Xp

Figure 545 |

This equation mekes it possible to represent graphically the course

taken bY the current density along the electron stream, as 1is done

" in Figure 5,5, where the ratio jx/jo is represen’oed as a function
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of the ratio x/xF. It must, however, be noted that equations
(5.,18) and (5,19) have a physical meaning in the case where

Vg > 0, i.e. if the velocity increases with time; but if v, <
then in the regions where x is positive, and consequently, on
the actuel path of a modulated stream, no focus is formed, end
the current density, falling along the x axis, approaches zero

(the electron-packets being dissipated).

We may thus note the following fundanental features in
the behavior of a velocity-modulated electron-stream, moving by

inertia after it leaves the modulatar:

(a) the electron-—packeﬁs that leave the modulator during
the time when their exit velocity is increasing (\}s > 0), are
focused at various distances Xp from the modulator;

(b) the packets that leave the modulator at moments of
experimental values for the veloclty vs(ts), i.e, satisfying the
conditions Vs = 0, mroceed further without change.

(c) the packets that leave the modulator during the time
that the exit velocities ere falling, i.e. when ¥, { 0, are "de-

focused" and increasse their length along the x axis.

5,3 Modulation of the Electron Stream by a Sinusoidal Volt age

The application of the general relationships we have pre-
sented to the case of sinusoidal variation of the modulation vol-
tage is of most practical interest, since this is the only method

in technical use in the UHF field.

Let us imagine that electrons that have acquired the velocity
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vy under the influence of the constant potential difference Uo
between K and 4, fall in the modulator M urder the influence of
the alternating potential difference Ul ain @ tg (Figure 5,6)
Then, under the condition that the trans it time through zone &3
shall be short in compar ison to the period of osc illation, the
velacity of vg of any electron at its exit from the modulator is

expresised as

- . - e . -
v = A2 (U, F Upein O g /\/eﬂuo(l + B sin@t) 2

- U-
Here & == —%- ~-="the coefficient of veltage modulation™,

J

o
while ‘7&5 L+ % 5in @ t. has beev {ntroduced to shorten the
wr iting of the exjression. Let vs now consider the behavior of the

sinusoidally modulated strean under carious regimes in the space

beyond the modulator -- the "zones o reorgenization of the stream".

(a) Qlectricjf_ield sbsent, from_the Zone of Str_e_gm_ﬁ.g_grgan;zatigpw

Let the potential of the modulator vary, & has just been
said, according to the sinusoidal law. Then, in accardance with

the preceding

A b & = 1
i ] X vy T vo'q 1+ Esin @ ts

; - 207 -
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each period of variatlon of the modula‘bion voltage 13 compesed

of two equal intervals: the interval of focusing, corresponding
to rising potential, i.e. to the half-periods from (£3] ts = - %
to (l?)ts = +ﬂ?:' j from @ty = 3/2 1o Wty = 59C /2 ete,
and the interval of defocusing, embracing the remaining half-
periods (from @ty = X/2t0 @1t =3 3C/2; from Ctg =

= 53/2 to Wty = 73Y/2, ete) which are half-periods of vol=
tage drop. The behavior of the electrons is thus in the main de-
termined by the moment tg of their exit from the modulator, or by
the corresponding "exit phase” Ct)ts. These quantities will in
the future discussion play the role of irdependent variables in

meny formulae.

For the case under consideration, of course, we shall have:

x
VN T+ L 8in iy

Ty =

(5420)

<

Vo, @% Cos ot
oAV + & Sin Wb /\_ (5.21)

Curves i = f{ @ Y.)

&~ 0

= N v A5

ot X 27t oty
2

rol o

=ZO\°2./
_ ogt’
= 33%

s i
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To secure greater generality, 1et ug now intr oduce the |

ndimensgionless fector of current density" 1

" (5422)

For which we obtain the expression

. \
T W——s\ (5.23)
\ AL S G

Let us introduce also the mean transit angle 8, defined as
the angle of transit to the point x of an electron with the con-

gtant velocity ¥

o = X (5.24)
VO
We then obtaln
- |
L= | %6 Coew s (5.25)
s 2 (Fv shwt, )3/7-

This formula may be used to calculate the current density
produced along the stream by a certain electron packet def ined by
the exit-phase @ ts, and we get & result somewha ¥ recalling Fig-
ure 5.5; the formula may likewise be uwsed to calculate the relation-
ghip of the current density to the definite distance X (or, more
general].y, with the corresponding trans it angle Q) to the exit-
phase @ts. For small values of\b and 8, the denominator 1is

depicted by the curves 1 % £( Y ts), which are of periodic charac- |

| ter and have fore or less shar ply expressed maxima, the height and

sharpness of which increases with increasing ‘%1 and 9, as shom
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which leads tp the correspording value for taextr

|
@hgyyy, = 8FC sin ("{ i—'\) E/iz"'?))l (5426)

It should be noted that the phase-ar;gle of exit for the
electron-packets, which form emximum and minimum condensations
at the given distance, depend only on the modulation coefficient
t . The dependence of tsextr = ¢( & ) is shown in Figure

5,8, The maxima of the current-density cwves are obvious ly

formed by packets that condense and focus otherearlier ones.

Figure 5.7 refers to the current-density curves obtained
before the focus. At the moment the value i( @ tg) = o0 s
attained (when the denominator of formula (5.25) becomes equal
to zero), a maximum is obtained, exactly for the packet with exit
phase @ tsmax' In its subsequent path, this packet is "stretched
out!" more rapidly than the others, and a minimum value for & Yomax
is now obtained on the curve of current density, while its maximum
splits into two parts, since the denominator of farmula (5.25)
venishes twice during the period. The similar behavior of the
mtransfocal curves of current density is shown in Figure 5.9, in
which, alongsice of the prefocal curve O = JC/2, two "transfocal
curves are plotted, which were obtained for the same value of .a =

= 0,5, but at larger values of ©.

By equating the denominator of farmula (5.23) to zero, we
may obtain the equation of the locus of the foci of the stream in

the form x, = f( ts)

-211 -

v Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0




Declassified in Part - Sanitized Cop

Approved for Rele:
ase 2012/04/09 : CIA-R
_ -RDP82-00039R0002
mr—— 00090010-0

e ,__,__.._.-—--———-—“‘.___.——-......

Focusing Defocusing Focusing

T

i3

Figure 5 .10
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T T oewts

gnd the corresponding mean angle of transit to the focus

38} . 3
) Xp 2 1+% sin wte) =
o=, = ,L//EW w5t (5.27")

The curve represent ing the course of xf according to equa~
tions (5.27) is presented in Figure 5,10 The curve 8 has obvious -
1y an analogous course. A focus is phys jcally possible only for
positive vglues of Xpe. Negative values of Xp are obtained in the
intervals of defocusing. The packets with minimum or maximum exit
velocities are rocused st infinity, while for all the other packets
the interval of focusing forms a focus at finite distance « The

packet s for which the exit phase is given by equation (5.26),

o
z
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which is the condition of & minimm for the curve X £(( ta)s
ghould be focused the nearest of alle - The minimum focal length
end the transit angle corresponding to it may be obtained from ex~

pressions (5,27) and (5.,27') by substitution of the relation (5.26)

3
o~ (2- ) T3%” ) e
K !-—‘-""‘""__""‘"_"""'
¥ min 0 (2_ + 3452 )\}H’b&z

' 3
2(2- T )/?‘

Sp = //’// (5.28')
min No+3ef-L NT+3%2

in them:

y (5428)

The latter formula jndicates an interesting circumstance:
the focusing in a stream modulated by 2 sipusoidal voltage begins

when the stream passes & def inite phase angle QF which depends
‘ min
only on the modulation coefficient L . The relation between

S and E« j1lustrated by Figure 5,11 does not depend on &ny
min
other parameters of the system. T4 will be seen that -5/ =1 the
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focus originates immed iately at the very gurface of the modulator.
Physically, however, such & gystem 1is improbable. Usuelly we must
deal with % < 1; in that cese the magnitude of ey Ty may be

max
taken as equal to zero in first approximation, which yields the

\" following expressions for Xy end OF '
min min
N Z |
X, = _.__._2 ) amd & T Z (5429)
min wh min

The "focal curves" represented in F,gure 5,10 are the curves
of the locus of the values of *p, i.e. the focal lengths of the
electron packets having the respective oxit argles of D tge In
golving certain problems connected with the study of velocity-
modulated streams, time-distance aiagrams of the movement of the
focl may be wseful., These may be obtained bY developing the focal
curves in time (Figure 5,12), 1.€ by constructing the curves
¥ = £f(@ t), where 4 is the current time, defined as t = ts—‘r’b s
i.e. as the sum of exit time ard transit time. The analogous re-~
1ation also holds between the phases? t= @Dty T T . The
current angle of transit before the focus COtF , may likewise
be expressed as a function of () ts.

p =2 _ 20 x25w 5
| wbe =7 7 %, Cot Ts |
(5.30)

From equations (5.27) and (5.30), the equation of the space—
time graph of the motion of the focus may be set up, giving it, for

example, BY means of the parametric equations:

2 (H—% an whs) |
(})f'F = Ce.')ts'\' - % cos @ls (5.90) v\

o A o ——
¥ = & cos @ts

|
‘ . = Rl4 -
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By using these equations, a graph of the motlon of the focus

may be constructed, which will be of the form shown in Figure 5.12.
On considering it ve note the following _interesting circumstance:

ter than Xp from the
min

for each interval (half-period) of focusing,

at each given moment t, for distances grea

modulator, there exist,

two focl, formed by the corresponding electr on-packets in the stage
of maximum condensation. it the following moment this state passes

to the next & joining packet, and so On. 4 peculiar plcture

of the "motion" of the focus in space is thus obtained.

over
In reality,

too, this focus is displaced along the stroam of maximum densily
in a menner analagous o that of any longitudinal wave. A very im-
port ant property of this "motion of the focus" must be noted in
ocity of the Tocal conden—

£1is connection; the displacement vel

sation equsls the velocity of the electron packet being focused

at the given moment:

% - -
\/F - ...-E;- :\/pﬁ"l’ E/S“'\ (ﬂ)‘ts :“\Is (5.32 )

We may also reach the same conclusion for any law of vari=-

ation in the velocity, for instance, by using formula (5.7). On

the graph of Figure 5,12 a number of singuler points attract our

R
Corves. Lime

/ yd

/,r‘

,

/ e
YWF‘

2

Figure 5.13a
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attention, The point correspord ing to a minimum focal length 1s
anch of the curve on the other,

the point of guperposition of one br

both branches having a common tangent (ss a result of the continu-

Let us call this focal

‘ ous veriation of the electron velocities).

point one of the second order. As the branches of the curves re-

intervals reced from the modulator,

lated to the various focusing
points of intersection

they intersect each other, and at these

—
Figure 5.13b

nfoci of higher order" likewise originate. Tmmobility is an im- i

portant proper ty of such foci.

ar space~time interference pattern is

In this manrer a peculi

obtained from the time-dsitence diagram of electron motion. In that

the branches of the

” " pattern the charges undergoing displacement along
focal curves of condensation create immobile maxima, with even greater

concentrations, at the points of intersection of these curves (Fig~

ure 5.13 a and 5,13b) .
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(B) The Accelerating Field in the Spagg_,gj‘__Transformation on

Leaving the_Modulator

If the electrons, o leaving the modulator, enter an
electric field acting along the Of axis, then, deperd ing on the
or ientation of this exis, they may und ergo ‘either acceleration
or retardation changing their initiel velocity., In the simplest
case, this field 1is constant in time. The case of & retarding
field is of special interest and will be consid ered in detall
later; but for the present we assume that the electron stream
on its exit from the modulator enters a unif orm accelerating
electric field of intensity E. Then the motion of the electrons
is subject to the simple law of uniformly accelerated motion

tx

v, = Vg atys x = v4Bx + _a__§__ (5.33)

where a = % is the acceleration imper ted to the electron by
the field E. By using the general relations presented earlier,
the following expression may be obtained for the dimensionless

current dens ity

XE .
g (1+% 8wl ¥ T, o) N1+ Esin@ts

— ,——-—-—-—'—"‘"‘""‘-M )
(A ___,,__,_._,.——————--M"_r..”
\2(‘* é-‘13\“ ) :5 1T > /\f i"'@ Sin wls —Zw@ Coswts\‘i 34)

which, as is readily seen, becomes equation (5.,23) for B = 0.

The equation for the locus of the foci is obtained in the form

2 (1 +E sin ot Y2
X ——
F ¥ & T Cos@ts— 2 —~'\]l Lt swnwbs (5.35)
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esps s

The fundamentel peculisrities of the curves Xp = £( @) ts)

are here almost the same as in the foregoing case., An accelerating
field, however, Nelongates" the stream, draws the focus away from
the modulator, and compresses the focusing interval. In reality,

xF becomes infinite under the condition

E V, i 7 st
005 wtsz Z—Uowa}-\jw% Sinwle

(5.36)

At a sufficiently high acceleration, satisfying the con-

dition

B (2]
232/\}1-%, 7/£v0 , (5.37)

no focusing at all takes place, for the focusing interval is com-

pressed to zero.

5,, PECULIARITIES OF PHASE FOCUSING IN 4 CONSTANT

RET ARDING FIELD

Let us imsgine a bagic circult (Figure 5.6) in which the elec-
tron stream leaving the modulator is subjected to the action of a
uniform retarding field, constant ~in time. Its intensity vector
E is parallel to OX. The motion of the electrons in this case is
uniformly retarded, and the distance e by which they may be separ-
‘ ated from the modulator is 1imited by the 'height of ascent", which

corresponds to the motion of a body thrown upwerds in the earth's

gravitational field. In consequence we must consider two electron

streams, one going and one returning. If the field intensity at

- } the modulator varies according to the law

TR

B

- 218 =

. R

eclassified in Part - Sanitized Copy Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0




Declassified in Part - Sanitized Cop

Approved for Relea:
se 2012/04/09 : CIA-R|
- CIA-RDP82-00039R0002
_ 00090010-0

= (@3}
Uy UO'Q‘ U1 sin ts

with the negative acceleration a imparted to the electron Y the
field, then the transit time through the retarding field may be

expressed as?

(5.38)

o

The values of 't)( for the going stream give minus eight
before the root, while the values corresponding to the return

strean are obtained if the plus sign is taken instead.

For convenience in computation and compactness in the
formulae, let us now introduce the neoefficient of retardation"
n = %—- with dimensionality 1/cm and equal to a = 31 where d 1is
the mZEimu.m distance from the modulator attained by an glectron
leaving it at veloclty Vge Let us, &s before, designate the
frequently encountered expression ’\/ 1 +?/ sin Lo)ts by 0(5.

Then the formulae for acceleration, yelocity and transit time

assume the form

2
a = v, /2

0

v, = =+ vo(d\é - xn) (5.39)

(4 for going stream = for returning stream)
:% in which the notation is the same as in formula (5.38)5

By adopting these symbols and meking use€ of the general

formulae, the dimensionless current dens ity may be expressed as

.- 219 -
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followds
2 2
A (ag®—xN) :

T L ARZ (A - %N + ¥ cos wis (= xn Lal5+0)

L

Gurrent density must be separately computeé for each stream
when using this formula: the minus‘ sign in the parentheses of the
second term of the denominator 3s taken for the going stream, while
for the return stresm i 8 0 18 obtained, which corr.'esponds to the
phyS"Lcal £act that there is no return stream at zero retardation.
The character of the current curve 1= f(@ts) is =@nalagous to

] that for the cases discussed above: namely, i varies Per jodically
and on reaching a certain value of x for which the denominator
venishes, it forms infinite maxima -~ the focl. Foci may be formed
in both the going and return streams, Thus, all the component pac—

kets of the electron stream may be focused:

(a) on the path from the modulator to the surface of return,
1ocated at distance Kpax? the instantaneous value of which is de-

termined asi

vz dd/ne R (5.41)

max S

(v) at the surface of return itself, which may be judged by

the expression for density of charge on this surface

_ Zn
'v F= Tvo cewts (5.42)

Focusing at the surface 6f return, as is clear from the above,

takes place jndependently of stream ‘conditions atb Wtg = 5—22’ ﬁ_;_g,.“
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(¢) in the return stream between the surface of return and
the modulator, and, finally,

(4) at the return to the modulator,

The peculiarities of focusing a stream in a retarding field
may be investigated by the aid of "curves of ihe locus of focil
analogous to those discussed above, Their equation in the given

case assumes the form

'sz 2
42 T CoS T,
xg = |27 : (5.43)

(d\s -+ %%o Ccos W ts >2-

The important parameters n, s and v of the stroam system
are very frequently met in various expressions in the combination

nv
—(.3—9 = p, which may be adopted as a new and more general parameter,

the "factor of retardation in flight". Physically this represents
a magnitude that is the reciprocal of the half-angle of flight of

an undisturbed electron to the surface of return,

1-© - 40
p~oav, " Yo (5044)
2
while, according to formula (5.39)/(\, = = , or, for an
Amax NVe

undisturbed electron,
2 Wt 2@ 24 @ 2
= = C = — = —TJ = 77
O()( MA)() n\lo) ¢ n\/o \/D P

In the future we shall have occasion to make use of certain

properties of this parameter Pe

Tt will be seen from formula 5.43 that the curve of the locus

of the focl lies with all of its points inside the space bounded by

Co-
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the surface of return and makes contact with that surface only at
the points for which cos @ tg = O (cf. formula 5.,2), With rela-
tively weak retardation in the space between the modulator and the
gurface of return, the same electron packets in the going stream are
focused as when there is no field at all, i.e. those packets for
which dvg/dtg > 0, In the return stream, ho,:e‘}er, these packets
that leave the modulator during the semiperiods of falling velocity
also form foci., Thus, in contrast to what takes place in accelerat—
ing fields, the focusing interval is broasdened in retarding fields.
As the retardation coefficient n increases, the focusing interval
expands, and at a certain definite value of n all of the packets
léaving the modulator during the period of variation in the poten-

tial on it will form foci in the space of transformation.

%fe:\ﬁ:om,h—.ai

[

12

Surface of return
10

T T |
m A m B 31T zln— Cots
= Figure 5.1 /2 “V

The form and general deformation of the curves obtained for

the locus of the foci are shoun in Figures 5.14 to 5,16, which

- 222 -
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been plotted on the basis of E = 0,1 and Q’)/vo = 1. Figure

5,14 gives the curves representing the surface of return (dash-dot
line) and the locus of foeci for n = 0.1. Those parts of the curve

xp = £( @ tg) which ere located betueen -3/2 and +3JT/2, be-

tween 3 JU/2 and 5 JT /2 ete, correspond to the foci of packets » ~

travelling in the going direction, while the segments DA and BC

correspond to those in the returning direction. !

The interval 4B is the interval of defocusing which declines

as n increases. At a certain value of n, equal to

n = 250 (5.45)
Vo
(or p=2®&)

the points A and B merge, and the very characteristic system de=-
picted in Figure 5,15 is obtained. Here n = 0,2 for the same values
of E’ and W /vo. The curve of the locus of the foci here meets
the axis of abscissae at the place where points A and B merge

(@4, =30.

In this case we have to do with an interesting process: the . 1
concentration of charge that we call a focus undergoes a certain ’
periodic movement between the swuface of return and the modulator, 1
which superficially reminds us very strongly of the mechanism of L |
oscillation of a retarding field as pictured by some authérs [97 i
The process of "movement of foci" under consideration is, however, | . L

something different from the "swing" of the electron layer. It

constitutes the displacement of a certain condition rather than
of particles, and recalls rather the process of propagation of

long itudinal waves.
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Figure 5.15

An analogous pattern is also obtained for greater retardation.

(Figure 5,16), In this casé the curve of the locus of the focl is

situated entirely within the space of transformation, and approaches

the surface of return as n increases. The oscillation of the focus

approaches the sinusoidal, and thq(dhole pattern of its behavior
i

strongly recslls the idea of a tpulsating virtual cathode" which

has been repeatedly applied to explaining the mechanism of oscil-

lation both in the retarding-field circuit and in the magnetron.

The space-time graphs of the motion of the focus which are

obtained by developing the curves in Figures 5,14 to 5.16 along the

axis of current time t (or along that of the corresponding phase

angle Cﬂ)t), are also of considerable interest in this case. For

this, the abscissa of each point of the curve must be increased

by the correspording value of /D Eor O)'t E which may be deter-

mined from equations (5,39 end 5.43)
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@\Vs
whe =
Foooele e any? ,
Fag oo Whst (5.46)

Whence the current time of focusing is expressed as

: ‘ w Ve (5.47)
CUTF :wts *\"Cd’tF :wt5+ \low h\lo—a_ ?

24 Ce it —

The set of equations (5.43) and (5.47) may be regarded as
the parametric equations of the space-time graphs of the movement 3
of the focus. They are given in Figures 5.17 to 5,19 for the sys- |
tems correspording to Figures 5.14 to 5.16. When retardation is
slight, these graphs, especially at the outset, near the points
Xp , remined us of the correspording curves for a strean travel-

min
ing by inertia (Figure 5,12), However, the two branches of the

curve formed here, which start at a certain minimum distance, do
not proceed to infinity, but instead, each of them, on reaching
its respective point (C or D) on the surface of return, again
approaches the modulator and reaches it at points A and B, re-
spectively. The descending branches of these curves correspond

; to the focusing in the returmn stream. § 3

At increasing retardastion the points A and B approafh

each other and at the value of n defined by equation (5.45), merge

into one (Figure(5.18), Corresponding to Figure (5415)). In this

manner both descending branches of the trajectory intersect at
the instant they reach the modulator, and form at that point a
periodically originating focus of the second order (the interséction
of two focal curves haying the same direction), which is equivalent

to the rhythmic beat of electron concentrations against the modulator.
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At the same time, we observe, at other regions of the graphs
represented in Figures 5.17 and 5.18, the intersection of the
trajectories of the foci of the going and returning streams (the
ascending and descending branches of the curves). Two electron
peckets are consequent 1y focused at each such intersection, one
of which packets is traveling away from the modulator and the

other towards it, by virtue

X(
F ‘)CF=f(CL)‘b)
w

'5=O.T ‘v‘a--i
n:O’l

12

10

8

6

4

2

_———-——WM

Figure 5.17

of which the energy effect of this superpoéition is either negligible

or 2Z€ro.

Tn the immediate vicinity of the modu lator, under the sys tem
in which both branches of the focal curve return to a single point,
or, as we shall put it during our future expositions, und er the 'sus-
tem of focus returm", conditions may be obtained that energetically
favor the excitation or the maintenance of oscillations in the sys-

tem connected with the modulator.
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! : Figure 5,18

With further jpcrease in retardat ion, the point of intersec-

-

tion of the correspond ing /_odnoimenniﬂ branches of the focal tra-
jectories moves oub from the modulatoT into the space of transform-
ation and is gradually trans f ormed from a singular point of the focal
trajectory into an ordinary point ther eof « A1l of the trajectories
approach the surface of return, end, es has been shown in Figure 5,19,
they rluctuaste in its neighborhood, In this case +he "pulsation of

the virtual cathode™, which here amounts to @ ngurface of foci", 18

menifested even more vividly.

i We have nov considered with the aid of the concept of phase

focusing of the electron stream several electron mechanisms con~
giderably more complicated thean those discussed in Paragraph 2 of

Chapter 177, The fundamental dif ference of +the mechanisms with

phase focusing consists in the fact that they are described, not
o by the behavior of a single electron, but by that of a whole com~

plex of electrons, organized by the action of the alternating elec~

Declassified in P:
art - Sanitized Co
py Approved for Rell
lease 2012/04/0'

CIA-RDP82-00039R00020009001 6-0




Declassified in Part - Sanitized Cop

Appro
proved for Release 2012/04/09 : CIA-RDP82-00039R00020009!
0010-0

v

gric field of the modulator and carresponding 1o selective flight

conditions. The ordered nature of the motion and the energy in-
interaction ig obtained in this complex of electrons as the
natural consequence of the dynamic cond it ions without the need for
any gpecial postulates whatsoever on the ngele ctioh” of eny elec~
tron groups. Remembering that the displacement velocity of the
focus is equal to the mean velocity of the electrons in the packet
being focused, we are naturslly able to reach the conclusion that
the movement of the focus == of this "collective electron” should
be identical with that of the oscillating Barkhausen electron. A4S
a matter of fact, if we aet the condition of the system of "focus
return", which for insignif icant value of 2 may be formulated

n= 2L

» - ._L ] —%
then, taking into consideration that G = PRIS C’/?‘)h’ ¥ »V,,:!Z m\)b

a relation of the type of the Barkhausen equation may be obtained:

kﬁmé-m%d.

Meaugs_i_g,on_p_ﬁ_ surface of

Figure 5.19

For?/& 0.33 this equation also well produces the so-Called

Barkhausen constant

g AT

RS
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Nfﬁo = 20004,

This preliminery and purely gchematic discussion indicates
the f ruitfulness of the application of the idea of phase focusing

to the study of UHF electronic gener ators.

5,5 THE ELECTRON STREAM IN AN ALTERNATING ELECTRIC

FIELD

According to the foregoing assunption the slectron stream
is subjected to the action of an alternating £ield during a very
short time interval in the zone of medulation. By virtue of this,
all the processes of transBormation of the streamtake place in
regions thet are alreedy beyond the boundaries of the modulation
zone. In generators of the klystron type, and those similar to
it, the situation occurs in practice. In a good number of cases,
hosever, the modulation zone and the transformation zone are not
spatially separated; for .example, in a triode with retarding field,

in magnetron, etc.

An elementary representat ion of the action of an alternating
field on an electron stream impinging on it with a certain initial
velocity may be set up in a fairly simple way. Assume thab beyond
the first grid of the modulator an alternating rield of intensity

E = Eosinwt extends without 1imit along the X axis, wi’t,h‘E> | ox.
The electrons enter this field as a unfirom stream with the velocity
Vs acquired in the acceleration zone. The accelerating voltege has
already ceased to sct, and the electrons of the stream now ' undergo

only the variable acceleration: in this field
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__ ek .
A== = =SB enwl=0,80hwt (5.8
The equation of motion for the electron

’e

X = a, sin®@ t

gives for its velocity

X = v, %—3 (cos Wt ~ cos Cn)‘to) (5.49)

where to is the instant of exit from the acceleration zone, at

velocity v,

If x be measured from the first grid, successive integration

gives

¢ = - . 2o 53 - si - -
x..vo(t to)-( =2 sin (Lt - sin Ot (b to)coswto—l

(5.50)

The secohd, underlined term in this fromula appeared as the
result of the action of the alternating field which is attributable
to the alternating field ? Obviously, the general relation (5,10)
may be employed here, if we only take account of the circumstance
that the initial velocity v, of all the electrons is constant. In
the given case we must seek the derivative d‘t/dto ('to here plays
the role of tg in formula 5.10) by a somewhat roundabout path.
Since we are interested in the current density jx at some definite
point x and at the corresponding instant t, we may interpret equa-
tion (5.50) as a certain function of the two varisbles t and t,
and seek the quantity dt/dto as the r ate of the partial derivative

of this function
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From equation (5,50) we find:

%{;E = Vg - aglt = tg)sin 3 tg,

oF a,
= v, E(cosw t - cos wto).

o

&

Whence

dt Vot 8o(t - Yo)sin & tg
ao(

dty Vo 22 cos W& - cosk to) (5.51)

and the current density

s _, Yot T(cosult - cos.0 to) (5.52)
3z, 8) T o Ty F e (b - b )sin® o

Formula (5.,52) shows that the current density may be con-
sidered invariable either when the acceleration a, is zero, that
is, when the sbove postulated alternating field is absent, or
when the time of flight t - tg through this field is incompar ably :

smaller than the values we have been using in all our discussions.

In the case under consideration, the focus ing of the gbream
may occur in the same slternating field, by virtue of the action of
that field EO sin@ t, so that veloclty modulation and density

modulation occur simultaneously. Tt is obvious that

ot _ dF _

e T,

2t~ ot,

v, -+ ao(t - to)sin ¢ t;) = 0. (5.53)

|
i
i
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will serve as the condition for the formation of a focus in this case.

Since t = Y4 ='t , the tame of flight to the foous ’tF may

be found from this:

R = -V
F- a sin t (5.54)
o )

Tpe role of the minus sign in this formula i evident from
the circumstance that the focus is ob\riousiy real only when the
action of the £ield of opposite direction produces & certain "com-
pression” of the stress. The course of the curve CF is shoin

by Figure 5,20, in which at the same time the curve of variation

i
t

Figure 5. 20

in field intensity and the curve of velocity (the broken 1ine)
have also been plotted. The focal length cor respord ing to the
time of focus ing may also be found by subs tituting in formula

(5.50) the value of ’%F given by (5.54)
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o Som————— ——————————— O: 'b h )
Xe = Ctosmcut;f o* Lsm ( ® OuoSmw‘to)
_ wVo (5.55)
O 8lntwt, Cos wt°]

Tt will be seen from this formula that for 8, = 0, no
focus at all will be £ ormed, (xF - o ), end the course of the
foeal curve is qual {tatively analogous to that of the cux-ve'tp.
Tn first approximation it may be suprosed that the minimum focal

length is obtained at wi 39C/2; in thet case

V= a N
o ° C3A
X = o 4 —— \1=C05 "0, ]
Fuwn o w?* E
while (5.56)
(o
Fl‘\m = vo/ao

Thus, if an electron stream which is notb velocity-modu-
lated enters an alternating electr ic field, and roceeds far enough
through it, velocity modulation and treansformation of the stream
will occur simultanesusly in this field. The application of the
considerations here developed to the zone of modulation makes it
possible roughly to calculated the variation in the density of the
current entering the modulator at the moment of its exit therefrom.

Calculstion by formula (5.52) shous that even if the transit angle

of the modulator is taken as JC/2, then, with Uy = 1000 volts,
E = 100 volts/cm, and >\ - 50 cm, the ratio of the maximum current
to that entering it exceeds unity by only 3~/ percent. Inasmuch as
actual modulat ars are constructed so as to assuwe & considerably
larer transit sngle, it is cbvious that the disregard of trarsit

time through the modulator by our assumptions is entirely legiti-
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5.6 PECULIARITIES OF THE PHSE FOCUSING CF THE ELECTRON

STREAM IN THE PRESENCE (F & W&GNET.IC FIEID

Let an electron stream in the trensformation space be subjected
to the sction of an electric and a magnetic field, & magnetic field,
oriented in the samé direction as the stream, assists the focusing
thereof only geomet ric ally and is not of furdament al interest in
the investigation of electronic generators. The megnetic field usu-
ally applied, however, 18 perpendicular to the electric field and to
the initial direction in wh ich the electrons move, and introduces a
nunber of substantial peculiar‘ities into the focusing process. In
fact, since the magnetic field bends the trajectay of the electrons
and the radius of curvature is changed in dependence on the velocity

of the electrons in accordance with the relation

PR A | (5.57)

s A

the stream of electron packets formed ab the exit from the modu~=

1ator will describe paths of varyirg curvatuwres (Figure 5,21).
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With such a behavior of the electron stream-in the transformation
zone, there cannot, of course, be any thought of phase focusing in

the sense in which we have been using it.

Phase focusing in the presence of a.magnetic field would have
e meaning if a cross-section of the electron stream were far greater
than the mean radius of cwrvature of an eléctron path, or if there
were an axially symmetrical distribution of the electrodes. In both
of these cases the collection of electrons corresponding to the above-
mentioned packets is represented in the form of a certein layer,
bounded by two fronts, sufficiently clese together, of electrons
traveling in phase. The former case will yield a packet in the
form of a plane layer, while in the latter case the form of the layer
will be symmetrical (Figure 5.22, a and b). If the acting electric
field is directed only along the x axis, in the case of the plane
distribution, or only salong the radius, in the case of the cylin-
dricel distribution, then the mroblem reduces down to a one-dimen-
sional problem. By setting up equations for the motion of an elec~-
tron in the plene case, for instance, and then integrating them,
we mgy obtain the expression

- vV
X = é—)—;\ % [a- cos w tl+ @is\hwﬁ:. (5.58)

Here E is the electric field vector, directed alont the
0% axis, and vy is the velocity of the electrons gt their exit
from the modulator in the direction of the same axis. By per-
forming operations with these equations analogous to those in-

i dicated in the foregoing section, the equation of the locus of i

e %
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Figure 5.22

foci may be obtained in the form

Re ® L B (A-cos oyt FH—-'S\“@HCF

y ™ (5.59)
The focusing time may be determined from the equation
(5.60)
to,, 0o = arctan __..___.._—_\_I‘.s...__.__..,__._..
W NE

w\-\ ax W
A1l of the fundamental quantities that characterize the phase
focusing of a stream, for the case of its having a considersble
corss~-section, may be found from these fairly unwieldy equations .
Assuming to be sufficiently emall (low values for H and transit
fime), the cage o the operation of a triode in a magnet ic field
which has been subject of re peated experimentel investigations,

may be considered with the aid of the simplifications of these
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equations so obtained. In this way a falrly setisf ectory carres-
pordence may be shown between the theoretically expected behavior of

the system and the data given by experiment /8/.

Tn the case of cylindrical electrodes ~- which 1s of the
most practical interest -- two varisnts must be distinguished.
The first ard simplest is the system of first-order oscillations,
especially in the single~anode magnetron, in which the oscillatory
system is included between the cathede and the andde. In this
system it is possible, on considering the corditions for the focusing
of a stream in a retarding electric field, to carry them over with
a sulficient degree of accuracy to the "equivalent electric field"
that corresponds to the course of the radial velocity (we have al-
ready become acquainted v ith a similar equivaelent substitution in
Chapter III, when we considered the simplest electron-kinematic

mechanisms).

- (,l’ ‘\( az
0‘4;"” ";’
F| -
ba ;bz_
T /+
O /
4 %ti:\“*b il a3
3
Figure 5.23

The behavior of an electron stream with electronic oscil-

lations of high orders in the split-anode magnetron shows us
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another and more compl lcated pattern In this case the mrined pal
rale in the energy excharge with the alternating electric fields
igs played not by the radial components of the motion of the elec~
tron streem, but by its tangent 1al components, which create a
ring~current. It is in this ring~current that we must seek those
processes of phas e-focus ing' that control the oscillatory me chanisms
of split-ancde magnet rons, With their electronic oscillations of
higher orders. Lgt us in fact imagine (Figure 5.23) the ring-
current in a split~anode magnetron. This current represents a
ring -shaped layer of electrons rotating in the neighborhood of
the anode surface. In that layer, along the perimeter, there must
necessarily arise places of maximum density. In the picture of

a ring-current represented in Figure 5.23, the slots &y, 8y ¢
in which the rotating stream traverses the intersegmental field of
opposite direction that exerts a reterding action on it, should
correspond to the maxima of current density, while the slots

by bg,;n., with accelerating field, should correspond to the
minima. During a semiperiod the entire distribittion of current
density is displaced along the perimeter Dby the width of a single
segment, so as continuousl},;ustaln the proper phase relation. In
developing the ring current along the perimeter, it may be repre-
sented as a linear electron stream of finite length, in which,
under the correspond ing conditions of initial velocity (approxi-
mating the set ratio of E/H) and of transit time, the assigned
spatial distribution of current density (Figure 5,24), should
arise, with the initial and final boundary conditions of such

dens ity equivalent.
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All that hes been noted in this section is evidence that
in the presence of a magnet jc field that bends the trajectories
of the electrons the pablern of the process corresponding 1o the
phase focuws ing of the eglectron sream acquires very compl ic ated
and, under certain conditions, @b ent irely dif ferent meaning, In
view of this the phase focusing method may De used only with the
utmost caut ion to study the oper gtion of the megnetron, and only

for the very first approximation.

In the cases of the electron streams previously considered
it could be assumed, without gubstantial geviation from the actual
picture of phenomena, that the behavior of the emntire stream was
determined by its foci, places of maximum dens ity sharply differ-
entiated from the other portions of the:stresm, which are charac-
terized by very low densitye. Thence, it follows that the effects
of the space charge might be negle cted -- @ reglect that was am~

ply justif.‘ied.

But, in the gresence of a magnetic rield, the role of the
space charge, especially in the £ield of the ring current in split-
gnode magnebrons, becomes exceptionally jmport ant . The fact that
even though ancde current s and emission currents in spl‘lt—anode
magnetrons are only of the order of a few milliamperes, ring cur-
rents of the order of an amper e and higher are observed, tegtifies

to this importances

For this reason the application of any "electrokinematic"
or ‘\electron—op‘bical" methods of consideration can easily lead
only to the crudest and mosb violently simplified representation

of the processesV that actually fake placeo
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5,7 GENIRAL EXTRGY RE L &T TONS

The cxchange of energy between the electron stream and the
slternating electric fields is &n extremely 1,portant process in
the operation of any oscillabtor. Two energy steges may be dis-
tinguished in ell cases: the control of the stresm, connected with
the consumption of energy in the input circuit, and the feed to
the load, designed to teke of f the energy in the output circuit,
The energy expended in contr olling the streem should natur ally
be considerably less than the energy withdrawn on the output level.
In other words, the alternating component of the current passing
throwh the input circult should be as low as possible, and the
input resistance, cons equently, should be higher. The static methed
of controlling an electron stream, which we have been discussing,
would thus appear unsatisfactary in this respect. The output cur-
rent from the cathode-grid space of & statically controlled 'bubé
has an alternating component, the formation of which is responsible
for an active component of displacement current and a considerable
input conductance. Dynemic control of the stream, effected in de=

vices with velocity modulation, is less liable to these faults.

This is manif ested with particular distinctness in cases where the

modulating device occupies only a very small segment of the path

of the electron stream, which segment 1is traverséd by that stream
during a very short interval of time in comparison to the period
of oscillation. In such a case, on the basie of the considerations
developed in Paragraph 5,5, the current leaving the modulator
should be considered practically direct current, while the energy

consumed in controlling the stream proves to be negligibly small.

It may ihus, in first approximation, be simply disregarded.
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Thus the fundamental energetic calculation of generators

ol should be founded on cons jderation of the

with dynemic contr
in the electric rield of the

phen omena in the output zone, i.04

generating circuite

ered by an electron beam to the

The enargy output deliv
circuit may be calculated, in the simplest case, by determining

e by the charges in the alternating zone of the

the work don
1¢ a certain current I = Sjy (where S is the

circuit /10/s
enters the ouput zone,

~section of the electron stream)

cross
then the elementary work of the charge carried by th is current

is obviously expressed as

an = LUkdt, (5.61)

where Uk is the potential 3if ference between the bourderies of

Uk is set by the circe
Ugesin( &8 v o).
he exit time tg of the

uwit ard varies according

the output zone.
For corvenience

to the sinusoidal law: Uy =

we also take this op;.vortunity to insert t
corresponding packet from the modulator as an independent variable.

1 phase of the alt ernating poten-

The quantity (p records the actus

tial as the instant the racket arrives at the output zones Let
us sssume in first approxj_mation that the trans it time of the elec-
h the output zone is very emall in comparison to the

nevertheless, be for

nvolve 2ll of the

trons throug
gotten that

oscillation period. It must not,

such a condition, in the present case, cannot 1
o the modulators On the

consequenc es noted above with respect b

and field

the active interaction tetween electron streanm

contrary,

he ideal case, when

¥y demodulation, and in t

s sccompanied by velocit
ry energy to the field,

p all of its oscillato

it

the stream gives U
e modulator.

wrent after passing th

would once more receive a direct ¢
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Knowing the relationship of the current Ix and the voltage

U, to the time, the work performed by the electron stream during

k
a period may be calculated as

T
A = IUydtg (5.62)
o]
Passing now to the alternating ts end bearing in mind

the expression for the value of Uk’ we may now express the power

delivered by the stream to the alternating field:
27
P= %c S\ LU, sin( Btg+ @ Ja( wWtg), (5.63)
o

The electron stream is created by the cathode emission Iem’
a part of which is absorbed by the grids and other electrodes, by
virtue of which I may be represent ed as I ' \V Iem The coef-
ficient v ( ] here introduced takes into account this practical
absorption of the electrons. Taking into consideration, as well,
that according to the fundamental relation y
the expression for the power may be put into the following suffici-

ently general form

wts +¢
P= Eﬁri_‘:. Y S e dtj 2 o, (b
o dt (5.64)

Thence we obtain the neoefficient of voltage utilization"

E‘Z - I_I%K analogous to those in the ordinary generating tubes.
o

Since I U represents the power drawn by the device from the DC

source, that feeds it, its efficiency is obviously expressed by

il
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(5.65)

The integral that figures in equations (5..64) and (5.65)
plays an important role in all energy relationships and may be

termed the "pover integral”
450 C Loy @
ANty ) OL
\d‘tx \ (@ts)
¢ d_xs I ‘ (5.66)

L =

Thus the power delivered by the electron stream and the
efficiency of the generator may be exmressed as follows

———
a7c

Tey Uy q
P = o B VL e b=
Now that we have the expression for the paver and eff'iciency,
the conditions for sustained oscillation mgy be obtained from the
general consideration that the energy delivered by an electron
stream must cover its loss ip the oscillatary circuit. The paver
loss in an oscillatory circuit with shunt impedence Z may be ex-

pressed as

(5.67)

The conditions for sustained oscillation may consequently

be represented in the form
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or also, since U /I = Ry, where Ry is the DC resistance of the

apparatus, this reduces to
r Ee
L> 2 VY Ro (5.68")

in the mresence of the known contour (z).

Thence we may obtain the condition that fnust be satisfied
by an oscillatory system so that the oscillations in it of the

given electron stream

e
Z7 v R" (5.69)

4

may be sustained.

These relationships are of an entirelyqgeneral character
and may be applied to any case, all of which, of course, do not
necessarily affard the same ractical computational possibilities.
They are obtained by consider ing the work performed by the charges
formed by an electron stream in the electric field of the output
circuit. But this is not the only method we have forb calculating

the energy.

Another method for energy calculation is based on the deter-
mination of the currents delivered by moving bharges to the elec-
trodes that bound the output zone. The two methods are entirely
equivalent and of identical value, as has been very clearly shawn by
one of the works of Katsman /11/. The method of currents delivered
is particularly convenient in cases where, for example, the same

interelectrode space discharges the functions. of several zones, or
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where the electron stream peturns without reaching one of the elec-
trodes that bound the output zone. The essential i‘eatﬁres of the

method of currents delivered are as follows. The elementary cherge
dq traveling between the electrons delivers to the cireult connect-

ing these electrodes the current di, which is equal to
di = § dq (5.70)

(ef. Chapter IV, Paragraph 1). The current delivered by all

charges present in ithe interelectrode space is

X+d

C N Q
L=+ \dq = == (5.71)
I R e
X
where 4 is the distance between the electrodes.

Tt is clear from this that if we assume the same velocity
v for all the charges present at a given insteml in the inter-
electrode space, the current delivered may be expressed as the
relation of all charges J present in the interelectrode space to
the transit time '0 taken by the electrons to traverse this

spaces

The current delivered may be cslculated by a more general

method, using the following expression

Vo0 !
gL = g?; (B (5.72)

where b, is, as before, the instant when the electron packet

idty enters the zone in question. If 4 (t) is the transit time,

- 245 =
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then ts A(T)
V(te)dts (5.73)
Ts

In specific cases this integral may also occasion certain

L
oy

computational difficulties. The poser may obviously be expressed

as
P = 'ilé'IUOk; (507[»)

where I is the amplitude value for the current calculated by
(5.73) (or more accurately) that of its component that coincides

in phase with Uk o

A third method of cslculation 1s al 10 possible /12/. This
is based on the computation of the aslternating voltage impressed on
the electrodes, using the law, well known for k‘i.nématic considerations,
of the veriation in glectron current I(x, t) and the equation of the

continuity of the current

3=
Tw=1T & t>+4,c' Sz
(5.75)

From this we Find the intensity of the imductive field

£ -ax [I®)&T - ax [ ooty a6 7';.

and then also the potenblal dif ference :

U= SE ch“47C»§ {1wax- (Tl t)d,t} x

In the absence of a charge the value of I(t) is zero, as
is the first term on the right side of formula (5.7’7), while the

second term gives the impressed ho-losd voltage". If a circult

._246...
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that constitutes & load 13 now connacted with the electrodes, then
I= IL-\— IG -+ IR’ from which the corresponding value of I may be
found, and {, ogel her with it the full voltage U, which may Dbe used

to compute the power.

These considerations represent only a scheme of possible
methods of calculat ion. Befare passing to their gpecific use on
a number of interesting cases, it must be cbserved that the re-
lationships obtained are, to say, of a summating nature (or re-

1 : capitulatory). The point is that in the presence of phase focus-

X ing and of the density modulation that accompan 1es it the temporal

( ’ and spatial relationships of current density are vastly dif ferent from
the sinusoidal. In consequence of this we are compelled to have
recourse to the expansion of the functions in question into a
Four ier series and to the consideration of the harmonics that con~-

cern us, Lo yhich we must then apply the methods of calculation ve have

just set forth.
5,86 THE CASE (F '"DRIFT" (F THE BLECTRON STREAM

g Let us nov consider the case in which a velocity—modulated
E ¢lectron stream, on traversing the conversion space, through which
it moves by intertia (”drifts”), enters the alternating electric
field of the second circuit, in the output zone. Let us apply to

it the general relations of the preceding section.

For the case of the ngrifting" of electrons We have obtained

(cf . Paragraph 5,3) the folloving expression for the current:

N
1,=3, (578
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The direct spplication of this expression to the calculations
of the power integral would leed to very unwieldy operations that
cannot always be analytically performed, In ome of his works /13/
this author attempted such a calculation. It yielded results prac-
tically indistinguisheble from those of the simplifi ed calculations
used in different varients by many authors, all of them giving al=-
most exactly identical results. Let us retain all of the assump-
tions sdopted in the preceding chapter: i.e. we shall continue to
neglect the action of the space charge, and to assume that the
transit time of lany electron packet through the modulator and
through the gsecond circuit (con‘bour) is small in compsT ison to
the oscillation psriod, and that the nodulation coefficient
is considerably less than unity. The latter assumption greatly
facilitates the caleulation, and in essence does not conflict
with the actual cond itions of veloc ity modulation of a stream.

By virtue of these assumptions, then, the expression for the cur-

rent may be represented in the form

I,=1 s
X~ ~o 1__%9.@5@%5 (5.79)

Let the alternating potent ial dif ference
U = U eos(Co b + 0 ).

act between the plates of the condenser in the second circuit.

Then the elementary work of the charge dq passing through

this condenser is expressed as

da = dg.-Uggeos( € t+ @) (5.80)
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But by the law of conservation of charge the value of dq

is equal to
dq = L4t = I dtg.
Consequently,
da = I Ucos(td ¢+ Jatg. (5.81)

Since t = tg+ T - g x/vg, then, by making use of
the s ame simplifications (by virtue of the fact that & 4 1), we

may write (cf. equation 5,20)

Lx ¥
W= wts -(-'\To"' - "'2'-‘\7;' S\Y\Ce)ts (5.82)

which gives us the folloving exmression for the power:

X
Lo Uor S‘ PO wx
s - L S B 0) 4 580
©

This expression may be represented as
XewE W
Pz IUgkdy ('2‘\'/:'> cos GV:*‘F) (5.84)
xwt

where J (Q\/ ) is the Bessel function of arder one with respect
to the argument “'2';,"" . Thus the pover drawn off through the
®
generator circult deperds on the values of the Bessel functions and
[73).3

of the cosines of the argument Vb + (?). By selecting a value of

determining a certain 2ditional phase shift, the value of

WX Lo
cos (\/o + (P) may be made equal to 1 (i.6.7V, +@=5T). In
that case the stream will be "exactly in phase" with respect to the

second circuit, and the power drawn of f there (as is i icated by

the minus sign), will prove to be equal to

D Lo R 00080016,
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X Wt
P = IIoUole( z\/o)l (5.85)
Considering that I,=%T;,, UDK=E|QUO

XwE
HERIU S TN m) (5.85!)

The Bessel function Jl(z) has maxima at the following values

for the argument z:

Zhax = 1845 84545 14.86 ete,

The corresponding values of the function:

Jylz, ) = 0.582; 0,273; 0,207

g0

In this way, for the maximum value Jl(z) = 0,582 and Eh =
\-V = 1, we obtain

P = 0.582I.U, (5.86)
which yields the maximum efficiency
V’LC\\; 58%.

It should be noted that under these optimum conditions the

distance x of the output cirecuit from the modulator is 1.84 Xp
min
Xwb 2V,
by virtue of the fact that 2Ve = l.84, while e = Xp
min,

This may be explained by the circumst ance that, as we have seen in

the last chapter, the current curves in the "transfocal region have

a double maximum with a pocket between them, and, to a certain ex-

tent, reproduwce the well-known pattern of increase in the efficiency

of an ordinary generator, with feedback on the transition to oscil-

lation at the cut-off,
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Thug, the value of the pawer integral L in this case may

be expressed as
xw E
L o= 275\, (5.87)
By virtue of this, the conditions for sustaining oscil-
lation in the circuit cen be represented as

T (

xwt l_?.?ﬁ-_p
2v0>>/ 22 Y e
(5.88)

W
At the optimum conditions Jl %Wo‘ = 0,582, the selection

of the circuit is determined by the relation

Ee

Zy 0B R (5.9)

y
N\ [

N =>wt

Figure 5.25

Under these conditions for obtaining optimum ouput it is
necessary for the maximum density of the current traversing the
electric field of the circuit to coincide in ti:‘;ie with the maxi-
mim retarding voltage, as shown in Figure 5.25. This relation must
hold for the "instantaneous" interaction between electrons and
field, i.e. if the transit time through the circuit is incomparably

shorter than the oscilletion period.
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1
' !

This presuppesition, hovever, is a gimplification of the
actual pattern of interaction between electron gtream and field.
Such in theory and practice a modu lat or may bba traversed by the
electrons in any conveniently short interval of time assigned,
aince its action reduces to certain relatively shallow variation
of their velocity, given a constant current density through the modu~-
lator. In studying the phenomena in the output zone, we must reckon
with that final velocity at which a "density wave" will be propagated
in the stream, :‘Inr,‘u with variation of this density not only in bime
but also slonz the x axis in the region of the output zone. Here
% problem arises kinemabically that is akin to thal considered in

Paragraph 5.5.

Some authors have reached the conclusion that maximum output
corresponds to a transit time equsl to an uneven number of semi-

cycles

A

(2n+ 1)L, (5.90)

which in the simplest and best case (in which the defocusing action
of the space charges cannot express itself) reduces to
(5.90")
4 =1I.
2
But the phase relations between current and voltege must be
! characterized somewhat differently if account is taken of the transit

time through the output zone. The conditions depicted by Figure 5.25

will correspond to the center of the oubtput zone. At an entrance

into it defined by the instant te and the phase wte, the curves

of current and voltage will appear as shown in Figure 5,26, on which

|
z

‘ they are plotted in dependence on @te. The further calculation of

power made by these authors leads, however, to entirely identical
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results, since if a small E is assumd, the same expression for the
power integral is obtained /12/. This circumstance casts doubt on
the sbove-described role of the transit time throygh the output zone.
We shall anslyze this question more in detail later on, and shall

show thet the final time of transit reduces the efficiency.

'

To conclude this section it is of interest to note that the
concept of "focusing" is not a necessary€lement in the correct cal-
culation of the energetics of an electron stream acting in a general
generating circuit /14/. 1In fact, by assuming the velocity of an
electron entering the generating apparatus to be dependent on the
entrance angle 8 the mean energy of an electron passing through

the field dwing a period may be calculated as:
2t

%' 'Qt—n S[}/(s)]zdvg (5.91)
o

If the energy is less than vo2 /2, the electron will give
up its energy to the alternating field, and the efficiency of the
oscillator may be found from the expression:

S (NICH
=17 am Ve (5.92)
(o2

If the value of (5.91) js greater than mv02/2, then the
electrons will take energy from the alternating field and will
leave it at higher than their initial velocities. From this
point of view the apparatus should operate as a gemerator of os-
cillations even in the case when there is only a single electron
at a time in the alternating field. Assume that this electron on

leaving the modulation zone has the energy

e(U, + TUpsin 8), (5.,93)
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and that it then travels the distance d to the output zone, which

it enters at the phase !

§+ o here © L] (5494)
(1 +E sind)fz "7 v, 5494

The energy acquired by the electron during its transit
through the output zone, in which there is the potential dif ference
Uy, is equal to

e
URE‘“[S“'m'}A (5.95)

Since the modulator in practice consumes no energy, the
whole of the energy effect is obtained in the output zonej its

calculation for the period likewise lemls to a peculiar "power

integral" 25
- _L_ .________--1
LEQ =% Ssm (8+ +E5inY) ) d8 (5.96)
0

Tt will readily be . seen that 8 here plays a role that
frequently figures in our exposition of Cdt . On simplifying
the expression under the integral by the assumption that E« 1,

we again obtain 2

‘ e
Ly o = 'zli gs\n(8+9—iézesin8)¢6= sine- T, z),

o
£o
where Jl 2. is a Bessel function of m‘der/one. Thus, the

mean energy received by the electron in the out put zone is equal

to i
el sin G-Jl( t o/2).

To sustain oscillation, this value must be negative, which

may be realized either by means of U or sin 6. For 6 = X/2, 3 IT/2,

]
N
R
>~
1
A

:
3
4
¢
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! : etc we have ‘sin @( = 1, and the optimum efficiency is obviously :

expreased as

U 1 (B2}
| V}‘-:-\)E:‘Tn )

or, in our former notation,

14
0 =€, (%>

3 which coincides with the formulae previously obt ained .

5,9 THE CASE OF THE RETARDING FIELD

If the electron stream in the conversion zone is subjected to
the action of a retarding electric field, then at small reteardations
a "compression" of the stream is obtained and its focusing facilitated,
thus leading to an incresse in the effective output zone /15/. It
the retardation is so great that the streamreturns to the modulator,
then the modulator itself plays the role of an output zone with
respect to the retumn stream. This superposition of modulation zone
and output zone is characteristic for single-circult devices, such as
for instance the reflex klystron, the circuit diagram of which is
given in Figure 5,27, Assuming a very small transit timeé through
the modulator for both direct and return streams, and a very small
smount of energy consumed in modulating the direct stream, let us
consider the energetic interaction betueen the return stream and the
modulator field. By reas oning in complete conformity with the fore-
going, the work done by the return s tream in the modulator field

dur ing a period may be represented as:

[
%
#
i

|
{
i
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ax
h=L [ 1Usn@tr@dt)
(s}

(5,98)

where 1 is the value of the current returning to the modulator,
Ul is the amplitude of the glternating voltage in it. The quan-
tity C{) characterizes, in essence, the time spent by an electron

packet in the conversion zone, and depends on the exit angle

W by

But since almost all the work during the period is per formed
by the focusing of the electron stream, (p may theréfore be defined
as the angle of transit until focusing of the corresponding electron
packets, namely, those packets which must be focused at the instant
of return to the modulator. Their exit phase, as we have seen in
the preceding chapter (the system of "return Pocus") is equal to
Cz)ts = 9 for sinusoidal varigt ion in the modulator voltage. Since
s packet returning and being focused should encounter the maximum
retardation, it is not difficult to see that p=7/2, 3 SC/2y 000,

ete, i.e. formula (5.,98) may be represented in the form

a3¢
ho Lk (Toes wtd 8
w (5.99)
X ] M| B
|
o }

Figure 5.27
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The current I returning to the modulator may be expressed

by applying formula (5.40) under the condition that x =0,

e 4
L =1 2% W
nv

£ cos wihi (5,100)
[«

o (| + ¢ sinwts .
e )

Under the condition of a return of focus <n= v,

the coefficient before cos Wt _ in the d enominator of this ex-

28w
pression becoms unity. On writing W; = 9, and noting that

the regime of return of focus and those regimes adjolning it are
energetically the most advantegeous, we may simplify the calcula=-
tion of the pamer integral by confining ourselves to the value

0 1. The poser integral, which far the case urder consid eration

is equal to
23T

\.4 = S 1+ s w’cs)\/z cos (obs
2 (1+% Smmts‘)'/l + 6 CcoswTs

Alwts) (5.101)

is considerably simplified if we put 8 = 1 and \‘E'« 1,

23 2% .
L= ) 1+ Fp an wig+loswt 2 ) Tt Elp Sin Wit cos@ls

Taking advantage of the well-known substitution

2T |~ T+

1 sin x = ‘+,t2_ COSX:-—-‘—;"—E:‘:

where t = tan x/2

and performing the necessary tr ans formations, we obtain the following

expression for the power integral under the mgime of return of focus

1T+ 4 (5T-D)
L= -:54-3 (5,102)
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Since E‘& 1, it may be appr oximat ely assumed that
LR 27C;

whence, in first approximation, the very simple expressions for
the pover and efficiency uder a system of "return of focus " may

be obtained:
P Ly IemUOUP

Y’) AR (5.103)

Tn contrast to the two-circult 51- two resonatcr] apparatus,

here represents at the mre time the coefficient of velccity modu=-

legbion and the coefficient of voltage utilization. The valve L & 23C

leads us likewise to a very simple condition far the selection of

th ircuit:
e circul & L
772 ¥
(5.104)

/

where RO = Uo/Iem' Teking into consideration the fact that the
2

Barkhausen relation P Uy = constent is rather well fulfidled

in the regime s of electron s treams under cornsiderstion, the

following relation, which is not without interest, may be obtained:
9% 10°E ?
Z % w (5.105)
em
Here n is the "coefficient of retardation" intrcduced in the
preceding sections. A series of substantial consegquences follois
from a consideration of these relations:
(1) To obtain oscillations with the highest efficiency, the
shunt~impedance of the circuit must, other things beirg equal, be

increased.,
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(2) For an invorieble cireult, irerease in efficlency

demands a regime of forcing, during which the emissicn current ,

other things belrg equal, chould incresse raughly as the cube

of the efficiency.

(3) For varying length of the wave gover sted and consbant

sbent voltage U, should

2
to‘}\- H

circuit parameters the sccelerating cons
3 (=3

2
vary [,n'oport'lonally to E and inversely pro;_wox:-l.i.onal'ly

the emission current under these circumsteances 18

consumed 1s prog‘;or’t,.i.onal to

Dociaseifiod | a
assified in Part - Sanitized Copy Approved for Release 2012/04/0!

pr oportional to

3
E and irnversely pr'oporttona'l. to )\ 5 and,. finglly, the power

g
L and inversely proporti onel to
4
A .
These conclusions point to the very substant ial difficulties
that arise in prinéiple: when fairly high of ficiencies and very short

waves ere produced by veloc ity-medulated dlectron streams. The con=

¢clusions ere qu

with phase focusing of the electron stream, in sddition to generating

circuits using retarding fields.

5,10 THE INFLUENCE OF THE SPACE CHRGE

Tt has been assumed in all the foregoing discuszions and con-

clusions that the effect of the inter action between the electrons in

the stream is negligibly small. This is true, however , only for

negl igibly small current densities or for very ¢hort intervals of

electronic interaction. In practice both these conditions are al-
most unrealizable, and account must therefore be teken, even though

only qualitatively, of the effect of the interaction between the
electrons in the stream on the energy relations . This effect should

naturally make itself felt most of all in the conversion'zone.

Let us analyze the simplest example of “{iri.ft" for which the
velocities
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as constant, This ig true, however, only if we neglect the in-

fluence of the forces of electronic interaction, This influence

menifests itself in a certain alignment or evening out of the

density along the stream, and, with particular force, in the re-

duction of dens ity at the places of I‘oéu,s~1’.‘omxation. A somewhat

more detailed ides of the character of this interaction may be

gained from the following consid erations /15/, The instant tx

when the electrons leave the conversion zone is characterized,

under the previoug assumptions, by the expression

Ty = ts-f- x/vs.

Inasmuch as the uniformity of the motion of the electrons

has been disturbed by reason of their intefaction, this equation

must be replaced by another one:

X
— - dx
Tx =€ Vs (5.106)
Q

in which the velocity A is no longer independent, of the electron's

position, but varies from point to point,

From e quation (5.106) we have

X
d.ty L LA dty
hdts =2 et T,tx "—’“ts » (5.107)
©

dv

where d:t‘x represents the acceleration of the electron in the

field of the SPace charge E, with which it is connected by the re-

lation

vg - eE
Aty T Tm (5.108)

g : - -00039R000200090010-0
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The latter in turn depends on the excess density of the space

charge in the following manner

AE _ AT (g )
i 47T P VAS X" e (5.109)

X
ATl S(x_io
__Ate N> dx
E S 7 A !

where 5 18 the eross~section of the electron stream, and i, and
ix gre the values fa@ the cwrrent intensity at the ccrressponding
points, while /1o = dtg/dty (by the lav of conservation of

charge) «

By using tnis relation in equation (5.109), and then sub-
stituting equation (5.19) in the expressions (5,12) and (5.107)

and peri‘orming the necessary transformations, we obtain:

x 3

dfh, 47135- ' d;tx. { p

L nrl -—1 - _/__O__ ds i A)(

¢.Ts Vs SO > als > (5.110)

After two successive differ'en’ciations with respect to %5

and inhrcduction of the notation:

" v

_dkx A=~ %~ Lo
\((X> - d]bs Ly
(3 A-'Sce{-o
9( - _’_’—"‘z
. YN SV,
we obtaln
ATY () o 0(7,\{(%) —- O (5.111)

Aax?*

A solution of this equation is the function

y(x) = & sinshx + B cos KX (5.112)
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If x = 0, then it follows from equation (5.107) that

Y(X) - 0
AL¥ Ve o
el __ 2= T, (5.113)
dox =T Y, S\

The function satisfying equation (5,107) end the initial

conditiona of expression (5.113) may be represented in the follow=

ing form: . \ L
dix 4= =X o & S\ AX ot oyh
Y(x)= e 1 T o, m din @

On integrating this equatio we have

Ty = tg + A o, —————""‘0( S\n w‘t (5.114)

This expression for the time tx should now be utilized by
us in calculating the power, for which we now obtain the expression

Ly Sind K\
- T, U8, C;j; -%)sxn(«\%ﬂp)(ﬁ.n.s)

]

Comparison of this formula with the expressions obtained
earlier for generator power under elect‘ron grift reveals the pre-
sence of an addit ional factor sin “‘é{ in the argument of the Bessel
function. For A X << 1, a certain correction should be wed to

reduce the power and the efficiency of the generator.

Various authors have concerned themselves gener ally with the
question of the defocusing effect of the forces of electron inter-
action, but it has not yet received a sufficiently rigorous and
precise treatment physicelly. Quart iatively, too, the calculation

of the irfluerce of the space charge in the ele ctron stream is very
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important for the solution of a good many problems conrected with

the most advantageous ¥ aetical utillzation of electron~emitting
apparatus, To this far example belongs the guestion of the limiting |
density in the beam, which has been touched upon in the literature

from the point of view of elec‘t;ronic optics. The solution of this A
question is especially interesting with respect to the focal den=

gities of the current, which are formally consid ered infinitely

great on gecount of the condition jx - © , but which are of

course in fact 1imited by precisely the effect of the space charge.

Meny fundamental calculetions, however, are mede with a
very fair measure of success, and without greatly diverging from
reality, without tsking accaint of the space~charge effect, In
essence the matter simply reduces to this: that the energy of
electronic interaction will remain negligibly small as long as
the dimensions of the olectron concentrations in the direction of
motion are less than the length of the correspording zone. Let
the total electronic charge q transferred by the stream during

the oscillation period T
P
aNy T

where P is the paver and U the voltage, pe concentrated in the

3
volume v = Q, (ﬂ_ being the linear dimensions dof volume) .

Then the electrostatic energy of this charge

3=+ ()

{
F
]
‘

At the same time the total work done by the streem is equal

i to PT. 4&nd the relation 3 eT

‘F'-rwf\jz '
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will thus characterize the role of the electrostatic interaction

! : of the electrons.

Let uws illustrate these considerations by an example of a

‘ very unfavorable regime: let P = 107 (100 watts), U = 3.3 (i.e.

1000 volts), Q, = 1 (which corresponds to an electrode area of

the arder of cm? and a distance between them of the order of mm)

TN 0.3°1077 (A N 10 en).

Then

PT 109.0,3+1077
o TR T N 0.03 ete

i,e., even under such rigid conditions the influence of electronic

interaction is very small. These and analogous consid er st ions /1/

i allow us to conduct our calculations with a satisfactory approximation

to reality without taking the space charge into sccount, and drawing that

i charge into the picture only in cases where its action might produce

considerably more apmreciable changes in the results than in the

examples we have just examined .

/1/ The considerations presented were expressed by Professor

{ L. E. Gurevich in the discussion of the author's doctoral disser-

{
tation in the Academic Board of the Physical Faculty of the IGU on

Jenuery 5, 1944.
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CHAPTER VI

MICROWAVE GENERATORS WITH DYNAMIC CONTROL

6,1 THE ELECTRON-STMEAM DRIFT OSCILLAIOR (KLY STHON )

The klystron is an electron-radiating device that may be
used in the UHF field as an oscillator, an oscillation amplifier,
or a frequency multiplier. The clectron streams in a klystron

pass successively, in space and in time, through five principal

Figure 6,1

gones: (1) acceleration, (IT) modulation (III) conversion, (IV)
output, and (V) clearing (Figure 6.1), while the distinctive
characteristic of the klystron is the drift of the "modulated
stream", i.e, the absence of an electric field in the conversion
sone. In its practical development, the two high-frequency zones
1T and IV may either belong to two different oscillating systems,
constructed at corresponding frequency (the "ordinary" klystron
of the Varian brothers) (Figure 2.35), or to the same system, as
in the single-circuit klystrons of Ludi and Katsman (Figure 2.39)

[1].

The tubes with dual modulators and output arrangements (the

- 266 -
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Hahn and Metcalf type), which are described in Chapter IT, like~

wise essentially belong to the class of klystron devices, since

] | they all possess the characteristic klystron feature: the drift

i of the electron stream in the conversion zone.

(a) Kinematic Analysis of the Klystron
ﬁ Let us consider the apparatus represented in Figure 6.1,
consisting of the cathode K, emitting the electron stream, the
2 erid condenser of the modulating circuit disposed along the path
of that stream, the condenser of the second circuit CD and the
| collector-electrode B, The drift space (conversion zone) BC has
{ the fixed length JL. Both of the oscillatory circuits have the .
same positive potential Uj with respect to the cathode. lhe in- | ‘
teraction of the electron stream with the alternating field occurs
within the condensers AB and (D, We retain the previous assump-
tions on the shortness of electron transit time through the modu-
lator and through the second circuit. We determine the alternating

voltage between the condenser plates as follows:
Circuit I: uj = Upsin Gt

Circuit IT: up = Upsin( Gty + ().

When the klystron is operating as an oscillator, a certain
part of the energy given up by the electrons in the second cir-
cuit is used up through the corresponding feedback connection to 1
sustain the oscillations in the first circuit that control the { ;
stream. The phase difference 43 between the alternating voltage )

| in the first énd second circuits is due to the feedback mechanism.

pattern in. the ordinafy regenerator triode, where

We see a similar

CIA-RDP82-00039R000200090010-0 ¥
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of the two posaible metheds of connecting the feedback coil only
one can be employed, namely that which creates an alternating grid i
opposite phase from the anode. The klystron offers & ]

voltage of

greater deeree of freedom in this res

pect: by providing & feadback
connection in the shape of a line of delinite length, any desired

value of @ may be obtained,

ence between the k

and it is this that constitutes the

Lystron and the ordinary

first substantial differ
triode generator with [eedbacks The second important difference
is that the klystron can be operated as an oscillator at any value
of CP , since it uses the ndriftt, i.e. electron transit time
petween the circuits, as an additional element of phase regulation.
In fact, to have the stream give up energy to the alternating field
in the condenser of circuit IT it is only necessary for {he maximum
concentration of the stream to impinge on this condenser at the
This condition may be met either

£ maximum re tardation.

ion of Cp by means

Experimenta

instant 0
of the feedback mechanism, oY :

by proper select
by adjusting the transit time. 1 investigations {2]
of the feedback action in the klystron have showll that the feed~
pback line may have any length at all, but that it is preferable
o the same frequency |

to avoid having it constitute & circuit tuned
1lations. A tuned feedback line introduces &

as the exciting oscl
strong reactance into the main oscillatory circuit, while the
J1oad from an untuned line is almost imperceptible.

now examine the kinematic conditions for klystron i
‘
i

Jues of CP , conside
imum focal length

ximation to {the min

Let us

ring the drift space

excitation at yarious va

to. be equj_valent in first appfo

Let us analyze the case Cp =0, the case where the

= X .

i
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K=1

//"“/M
f= * Fn

]

Figure 6,2 Q
oscillations in both circuits are in phase. The curves of vari-
ation in the voltage in this case are plotted in Figure 6.2. The
optimum condition for sustained oscillation is obviously the
Nappival of the maximum current density at the condenser of cir-
cuit II at the instants marked A, B, C... The lines A, EB, ECess
represent the time-distance graphs of motion of the electron
packets "that arrive at the maxima of the current density curve",
The segment OE must represent 0} tg (cf. Chapter V, Paragraph 3).

max
Thus, the transit angle of these packets to the points A, B, Caue

may be represented as

5T
@f =k -5 o | 61

2 max

where the quantity k assumes the integral values k = 1, 2, 3,440

: ‘By virtue of the condition Q_ =X o t-= o
min min
should hold, and from formula (5.,27') we may write
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2(1 + L sin @ tg) hy
— (-1 7 + 16t | (6.2)

To apply this formula to a specific case, the values of a)'ts,

sin @ ts and cos & t that correspond to Wt must be sub-
s “max

stituted in it. But for small values of T we may assule \(e)ts !:
max
= sin () tg o Then sin(ﬁ)ts -- £ , and the foregoing formula
max max
takes the form
2
s .;_-?-_Q_:E_‘_Ef_l_:@h_()“ﬁ ,
F T (6.3)

(We neglect the value of \Ce)ts |by comparison with (Lk ~1) ﬁ/Z.).
max

Thence, the following equation may be set up for :

E}um«--l)T/r?f}E -1=0,

from which we obtain an expression for E in terms of ki

2 ' (60}-[)
ook Ql&c-él)_,+l
which, on slight simplification, reduces to
= h
2 Tk ~ 1) 7T (6.4")

We thus reach the very interesting result: the value of the
modulation coefficient -Q would appear to assume various values as
a function of the drift time, or to put it better, of the transit

angle of the packet being focused, The latter, as is evident, assumes

Declassified i o bl ’
ssified in Part - Sanitized Copy Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

|
|
{
|
i
|
|
|
i
|
|
i
i
|
{




Declassified in Part - Sanitized Cop

Approved for R
elease 2012/04/09 : CIA-RDP82-00039R00!
— == - 0200090010-0

discrete values determined Py ‘the instants of incidence of the
focus at Ay Bs Cyaves which values are found by formula (6,1)
Consequen'bly, to excite the Klystron under the conditions des-
cribed, the modulation coefficient %, shouwld have one of the

discrete values defined by formula (6.L) or (6.14") and depend-
ing on the worder of exci't.a'tion“ k., Ihe first excitation re=

prion k = 1 is characterized by the smallest transit angle and
the highest value [or ‘6 , Let us calculate the value of

for the first few excitationregions (‘Table 6.1)e

Tuble 6.1
VALUES OF FOR SEVERAL EXCTTATION
REGIONS
Kk 1 2 3 e
T 0 Wb 0.18 0,12 o+

The selectiod of one excitation region O another ma&y,
obviously, De made on rixing the reedback, ©Y means of yarying ‘the
factors that determine the transit angle, 1.¢. the accelerating
potent,ial U, and the genera‘bed wavelength >\ , Let us introduce
these q\lantities into our formula. O0 substituting sin (Wig = —E
in the rormula, for ¥F = 1, we obtain
Lw 1-E
2V, - ' (6.5)

. -’#— V N .
oub since Yo =,/\J2 T, - 610 N U0

6.28+3+ 1080
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or since E(( 1 EJ}L

AN, =150 BL

(6.6)

This formula is a relation of the type of the Barkhausen .
equation, first introduced for "electronic oscillations", 'This
equation indicates the fundamental unity that subsists in the
mechanism of all generators of electronic oscillations and makes
it possible to compute the fyorking diaeram", that is, the re-
gimes or systems that correspond to the maxima of klystron exci=
tation, Since E is determined by the number k of excitation
region, the value of >\}\)’Uo, at given dimensions of the device
( /Q,), is a function of the same quantity k. Its values for

various excitation regions is as follows:

Table 6.2

VALUE OF Uy POR SEVERAL EXCITATION EEGLONS

k=3

| k=1 k =

= 2
AU, = 718 L }\’\JU,, =328 | MJ'O;: 190/,

The physical meaning of these results is as follows, If
the oscillating systems of a generator are tuned to a certain wave-
length A then, if their alternating voltages are in phase and the
DC accelerating potential UO varies continuously, & whole series of

discrete maxima of oscillation intensity should be produced. These

maxima correspond to the values of Uo expressed by the formula

Declassified in Part - Sanitized Copy Approved for Release 2012/04/09 AT RN S SR S
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Figure 6.3

1723 \\]z

U = 151 T T (6.7)

or, approximately,
- 2000 . 142 )
U = L=ty " & (6.7")

Consequently, when we represent the oscillation intensity
Wk as a.function of U,, we should obtain a series of maxima for
the device in question similar to those shown in Figure 6.2. These
maxima, however, cannot be very sharp, since in the corresponding
phase condenser 1T will receive the current maxima in the "pre=-

focall regime ( Q, ( Kpp ) and "bicornute" or " tyo-pronged"
min

maxima during the “ransfocal® regime ( ﬂ,;} X ), and the os-

min

cillation will be sustained so long as the value of the energy given
up by the stream is sufficient to cover the losses in the circuit,
feedback and load line, Given this situation the separate regions
of oscillation may merge in such a way that the generator is ex-
cited over a very wide in£erval of variation in Uy (the broken
line.in Figure 6.3). The discrete character of the excitation
regions'may be more readily noted, the”larger the load is; and

this has also been observed in practice.

Let us now examine the case where the circults are operating

e
CIA-RDP82-00039R000200090010-0
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< : in opposite phases, i.e, where (p =T, other things being equal. )

o This is illustrated graphically by Figure 6.lys Analogous treat-

! i ment to the foregoing case yields the following results, lhe

; transit angle corresponding to the incldence of the focus at

points A, B, C,ees will be represented in this instance as

| ‘ O = (i + 1‘)Ty2 @y L (6.8)

max

Here the k may assume the values k = O, 1, 2, 3,.es By com-

T

putations analogous to the foregoing, we express

4 - (U +81)1T,_f\@< ghl)z -, (6.9) :

A - B - C

Migure 6.l

or, in. somewhat simplified forms:

- L (6.9")
t= Ik + O3

T

k . This leads similarly to a series of discrete value for )

corresponding to'thejvarioué excitationzegions (Table 6.3).

CIA-RDP82-00039R00020009001 d—O o
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Table 6.3

FL FOR SEVERAL EXCTTATION HEGTONS

VALUE OF

0 1 2 3

0,68 0.24 0.16 0,10 vee !
obtain

under examinalion allows us to

1e ( ~ JVZ) and a higher

may be drawn as to

for k = 0, the rexime

oscillations with a smaller transit ang
modulation coefficient. from this & conclusion
the greater advantageousness of the second regime. Operation in the
first excitation region, however, requires us Lo apply & very high
accelerating voltage Ugs which ma&y not always be possible in prac-

tice.

In this case the Barkhausen pelation assunes the following

forms

Table 6.l

VALUES OF jk-” UO TOR SEVERAL EXCITATION RICGLONS

k=3

)\lﬁ%ﬁl@’,ﬁ_

k=2

Wiz2s L

k=0

k=1
WU, = 7L Mgt L >

The voltages corresponding to the maxima of oscillation in-

e by the formula

\ 2

PR

may be calculated in this cas

Uo, :

tensity
|50 EL

- T (6.10)

0Ty,

apprpxima@ely,

)
CIA-RDP82-00039R00020bB%001 0-0

ied in Part - Saniti;
anitized Copy Approved for Release 2012/04/0




Let us illustrate these theor

conditions by a few exper

Devyatkov,

with interchangzeable feedback,

justed, and operated

length L =

egions, computed and observe

tive r

In-phase Operation Cp =0

Region No

1

o U = w

tageous
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It will be s

voltages as to be in practice imp

the value of qp set by the feedback
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L. = |2ese. ___]?‘
0 4h.'+1) A (6,10%)

etically obtained excitation

imental data taken from the works of

They studied a klystron
by means of which CP could be ad-

it on a wavelength >\ - 17.5 cm, at & drift

5 cm, ‘lhe values of Uo for the maxima of the respec-

d, are given in Table 6.5.

Table 6.5

VALUES FOR Uy AT THE MAXIMA OF THE RESPECTIVE HEGIONS

Anti-phase Operation @ = JC

Region No
pegion -

U calculated go__ggs___er_xga_cl_

55,000 _— 1 321,000 ———
6,800 - 2 13,000 -
2,700 - 3 J1,020 e
1,LL0 1320 L 1,920 -

905 820 5 1,130 1,060
620 615 6 70 L5
LL8 53 7 520 535

388

een from this table that the first and most advan-

exéitation region requires the use of such high accelerating

ossible in this instance. In general

adjustment may be at any desired

i
i
{
i

Uo_calculated U _ observed
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level., Exactly the same thing may be doﬁe with ﬂz # anin' The
latter ig required by the energetic conditions for maximLm output
that we have considered above (Chapter Y, Papagraph 8) under which
,£L= 18lexp o Under any and all condiiions we have to do with
the relationglgetWeen three quantities: the modulation coeflicient
1& , the transit angle @ and the integer k of the excitation re=
aion, At 2 rixed natural frequency of the oscillatory system vari-
ation in U, involves the creation of discrete excitation regions
with differing values of 12/ . However, for 1,% Xp s the dis-
creteness of the excitation regions tends more oI 1222 to dis-
appear, and the value of ‘EJ is ho longer bound by such rigid and
definite conditions as in the regimes where JL = X5 o ALl this
diversity in the relatibns between the basic kinemgtzz parameters
of the resime leads to an e xceedingly facile excitation of the
klystron generator. Provided only that the energy borne by the
clectron stream to the generating circuit be sufficient to com=
pensate for the losses of that circuit, the kinematic conditions
determined by the rormulae of the preceding section are, within &
wide range, aqtomatically established, 1his conclusion is in com=
plete agreement with the sparse experimental data available in the
1iterature, bub the question of the excitation regions of the kly-
stron generator still demands thorougljgoing experimental investi-

gabion.

(b) The Question of the Power and Efficiency of the Klystron
The analysis given in Paragraph 8 of the preceding chapter
of the energy relations for the electron stream during drift is,

of course, entirely applicable to ‘the klystron generator. Let us
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fipure 6.5

dwell here on certain factors that introduce & certain amount ‘
of detail into the examination of the general relationships. This ‘
detailed analysis involves the following circumstances: allowance §
for the finite transit time in the output zone, i.e., in the con- |
denser of the second circuit, for the influence of this time of
. the value of efficiency, and for the non—sinusoidal currents pass-
ing ‘through the output zone (manifestation of harmonics) . Let us ‘

§
imagine an equivalent circuit for the output zone and the circuit
(Figure 65). As a certain chargé A q passes -

a current A i, equal to

connected with it

fromx=0tox-d,

| | C_bgY (@b
: Av="2 """ 4 (6,11)

is induced in the circulte

Since the velocity—modulation is small, we may assume the

ing the pirst grid 1o be equal to |

locmy of all elect‘{rons travers

vo Tms appx‘oxlmatlon is equj.valent, in the final result, to neg-
lectlng terms of the second or‘der of smallnesse The total current

t s obta:n.ned‘by 1ntegrat1ng with respect to all the

‘t‘he. intergrid “‘space that have entered it dur- :
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ing the time~interval

T
Vo
( = --a-’- eto \_/{ d/to v
t"’t ( 6.12)

Here 'bo is the moment that a certain elemental charge enters
the spacej Vi is its velocity at the instant t for which the current
is to be determined; P t, is the density of the charge at x = 0 and
t = 0. "The space~interval A represents the transit time of an
electron leaving the output space through the second grid at precise~
ly the instant t. The electrons here travel ihrough an alternating
field, For this reason, by analogy to Paragraph 5.5, we must write
their equation of motion and integrate it to find the velocity Vi

Assuming the potential difference in the ouput zone to be

Uy.cos (@ b+ A)

where n is the number of the harmonic, an expression for vy may be
obtained.
'(\/DER
v = - —
K 20,n@
(6.13)
If, by virtue of its non-sinusoidal variation, the density
of charge at any point be represented in the form of a Fourier
series, then the fol lowing expression may be obtained, by kinematic
analysis of the stream in the conversion zone, for the density of

the charges entering the output sone under consideration:

Lo , 5 3, (hr) cosnwt{l

= + .
Cr. .70 1 2:“; e ()
where J (nr) lS a Bessel func’clon of the first: klnd of order n,

?.\/

| requency oi‘ ‘ohe ‘velocity modulatlon.

and the quantlty T 1s deflned asv kbelng the leng’oh of the

conversion zone and (.e) the

5 L
i Declassified in Part - Sanitized Copy Approved for Release 2012/04/0
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From the expression (6.12) we may now obtain the currents:
T
Ve 0o "
L= )< EA-?.E] J,, (nr) cos hw‘to]x
) =\
=T (6,15)

N [Vo vzk (Smh(wt-x-u() sinn (bt Jdt,,

Calculation of this integral yields a direct current plus

a series of alternating components, of which one has the frequency
of the circuit and gives up eneray to it. On calculation of the
integral only the terms of this frequency, iving the current 1',

remain:

" Lo ’%‘ + %} [Qm'ca)"t-s'\\\ mw(t..’(;):{ _
O !
te
Cos y - (oS | CoJC' Dok
2(4, 2,002 E%n(wt&—@ cos n( Wl ot ) +

+AN® sinn (Wt +4), (6.16)

Here 4\ varies through time, while /to represents the
tyadisturbed" transit time. Allowing for the course of Lhe value

of /t , the current intensity i' may be expressed in the form of

a sum of terms of the following form:

P it = I, + I, cos n(@ t +d) + Iysin n(Ct + ™). (6.17)

Here Io’ Il, and 12 are respectively the steady DC component
and the amplitudes of the active and reactive alternating components

of the current, Thence, we may obtain the mean power imparted to

the circuit, allowing for the finite transit time:

f'E ‘ : nBo
' , ne S\h 5
P— U . Efa. {Ih n Y) COQ(Y\"L"+ 2 \) ————-‘F\-‘f“;;—' —_
AT Z

En 2.(1—Q,OSV\9) “ne, s ne,
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Thence, the efficiency is also obtained:

"8 3N e

= ) 7 z
Q \Ek{j‘(\(’h\’_ OS(V\*‘\‘ 5 m‘

_ e [2a=cos ng,-n &S\ 081 (69
4 (n6,)*

For 8, =C2)T§D = O (infinitely short transit time) these
expressions reduce to t.ho‘se prevj_ously obtained without allowing
for transit time (Paranraph 5,2), Lt is interesting to remark that
the second term inside the main brackets of expressions (6.18) and
(6.19), which is due to the additional modulation that results from
the transit throush the alternating field, reduces the amount of
energy delivered to the circuit at values N6, ( 23T, but at values
n@o> o7C, in certain regions of variation of no,, it becomes nega-
tive, thus indicating the delivery of additional energy o the
circuit by the stream. The curve of variation in the value of this
term as a function of ne, is represented in Fioqure 6,6 . The
phenomenon depicted by this graph is analopous to the negative
resistance developed in a diode in the presence of a finite transit

time,

Finally, a few words on the influence of the factor n. The

op timum efficiency is obtained under the condition cos(ned + n@O/Z) =
= 1, which may be realized by the proper choice of a regime for
the conversion zone€. In that case expression (6.19) becomes

. nb v
gsin 7 Ep {p(l-tes " 8 -ng Swh &
1,13, = - —

ooz » ;)

0)

e A
- ocsiiod | R
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The value for the efficiency expressed by this formula !
is at a maximum, other things being equal, at EQ = 1 and at
maximun values for Jn( nr), The maximum values for the Bessel
functions are given in Table 6,6, while the maximum values for
the efficiency are plotted in Figuke 6,7 as a function of the
transit angle 85, for @ = O and n .= 1, the value NAJ 58 per=-

cent is obtained, which value was also obtained previouslys.

-

T 3k 27 B
72— Figure 6.7 ° |

Thus, in spite of the assertion by some authors that maximum

efficiency requires & transit time through the ouput zone equal to !

T/2, the influence of this transit time after all reduces down to

the monotonous reduction of officiency., This effect must under all

circumstances be taken into consideration, since in practice €

1}

reaches TY/Z- and more. The case Qo = J/2 corresponds, for/\

1]
u

10 cm, to the length d = 1,5 mmin a klystron operating at Uo

1000 volts.. In this case we would obtain an efficiency 21% high~
or than the actual, if we did not allow for 85. Thus an output
zone with "instantaneous" interaction, in which 904 0, proves to

be the most efficient [F].

CIA-RDP82-00039R000200090010-0




Declassified in Part iti
- Saniti
itized Copy Approved for Release 2012/04/09 : CIA-RDP82-0
. - -00039R00020009001
0-0

Table 6.6

TABLE OF MAX MU VALUES OF THE BESSEL FUNCTTONS

n 1 2 3 I 5 10
max dy(nr) 058 0.9 0.3 0.40 0.37 0.30
r 1.6L 1.52 1.10 133 1.28 1.20
6.2 VELOCITY—MODULATED DIODE-TYPE GENERA TORS (BLECTRON
FAY, DICDES)
The difference be tween velocity—modulabed giodes and ordinary
statically—controlled diodes is that in the former the electron

stream enters the alternating field with the considerable initial
velocity Vo and passes throuszh & potential difference that exceeds
the saturation vgltage, and is then subjected to dynamic control
in a single space having an alternabing electric rield., This space
functions simultaneously as modulation zone, conversion zone, and
outpub zones As a first simple example of such a dynamically con-
modulation, allowing for

sider the zoneé of

trolled diode, let us con

{ransit time.

() HModulator, allowing for transit time. As is generally

known & finite transit time through the modulation zone reduces
slation, causes & phase shift, and

the amplitude of the velocity mody
Assume that the

places & 1oad on the feed line of the modulatore
modulating voltage is equal to Uysin @ ¢, Then the velocity of
the electrons leaving the modulator will be

V.
e = - 58, O wt,-coseo e (620
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or, if we set o3} ty = I
S,
Sin % &,
Ve = Vo |L*Z 5 Sin (Wt — 7 )
—?;"— (6.22)

For @4 = 0, this expression reduces to a somewhat more

simplified expression for the velocity with which the electrons

transit time

leave the modulators The influence of the finite

is here cha racterized by the same factor

ne
sin "-P‘Q

ne,

2

as in the previous cases

y be obtained

t

The mean power consumption of the modulator ma

directly from the second term of formula (6,18) by setting E”i"

and n=.1 in it, and changing the sign:
H
?_(\-00590)—905\\/\9; R

P =0t =L
Mod  © ° 40> z G(é.zs)

Here Ul is the amplitude value of the alternating voltage on
the modulator, and G is the intergrid conductance of the modulator

due to the electronic load. G may be expressed as:

= ’i'o 2(1 - cos8g) = 9osind —3 (6.2h)

Uo | 290

The numerical value of G, expressed in mho for any transit

angle, is obtamed from the ordinates of the curve in Figure 6.6

Eor the angle of flight \72., which

by multlply.mg them by 210/U0.
corresponds to a ohstance of 1. 5 mm between the grids, with k
0 milliamperes,

= 10. cm and U =-1000 volts , and a beam—current of 5

the vs.lue of G is h 35 10 =6 mho; OTZ‘B"mod‘. ~

230,000 ohms. = This

i ‘g‘ghﬂ',‘. .
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o order of the shunt—impedance employed in the kly=-
Under these conditions the alternating power con-=

stron circults.
qual to 0.0l35

e modulator is

if {/ = Ouls

very insianificant, being e

suned DY th

percent of Uoio’
The quantlty G is equivalent Lo the input conductance of
1 be seen from the curves of

statically controlled tubes. LU wil
figure 6.6 that this quantity may be negative for certain transit
on of the single-cavity reson-

angless mis leads o the excitatl
ator. 1he following relation betwsen the positive shunt—impedance
7 of the circuit and the parallel negative resistance R introduced

by the electron streams:

7 < Z.

Thus, single-circuit sy 5tems corresponding yo diodes ma&y be
excited on account of the negative resistance imparted by the elec-
Oscillation intensity is low in such systems, as 1is

but they
g equipment [ul.

tron streait.
also their efficiencys may be successfully used as detec-
The sensitivity

eceivin

egenerative r
{ of such devices

tors and r
depends on the tran-

and amplification coefficien
sit angle. When the labter varies the former quantities pass
through & series of maxima. Ip Fioure 6.8 the following Curves
have been plotted as functions of the ransit angle:
1+ %; - £(8o) and tne amplification factor }A - £(8y)3 where yA

is the shun

the circuil and Z, the equivé

gure 6.9 show

+ impedance of
s the curve of sen-

impedance of the stream; while Fi

sitivity as @ function of the transit angle.

Tn the region where the values of 1 ¥ ,%w pecome T
; _ -

.ﬁ'\' % V
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the amplification factor }A and the sensitivity become infinitely

preate

(b) The single-circuit zenerator of Muller and Rostas (51,
A self-exciting electron~radiating diode, may be 80 designed as to
allow the use of resonators with shapes of the highest quality. It
was shown in Chapter T that it is precisely those shapes of hollow
resonators whose connection with the electron stream under klystron
conditions is difficult that possess the highest Q values. The
principle of the electron-ray diode presuppose & single simple form
of resonator, along the line of the electric field of which a
stream of electrons is directed. Self-excitation takes place by
means of the negative conduc tance which under certain regimes is
produced by the interaction between the stream and the electric
field of the resonator,. Let us imagine the arrangement schematic-

ally represented

N o
]
) R
Z !
Zo Ly
2.0 }\ =
\ ik(A)
1.6 10(0
1.2 N 0.8
0.8 0.6
oul \J 0.l
0 0.2
Figure 6.8 0

2-
Figure 6.9

S
CIA-RDP82-00039R000200090010-0
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|
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)

]
L=y |

t—
T

Figure 6,10
i

in Figure 6,10, The electron stream, accelerated by the DC potential

Uys enters the electric fielq P._]‘ P,) of the resonator, Let us measure

g ‘ the coordinate x to the richt, from the wall of Pl' The veloci ty
with which the electrons enter the Tesonator is equal to
—

S =/\/ 2 :% Uy; the voltage of the field wi thin the resonator is
& E sin() t, U = E,Q, the amplitude of the alternating voltage; -6
=U/Ug; oA = m%x, where W

j disturbed electron; @) = ot

o 1s the transit angle of an un-

o » the entrance phase, and (p) = COJC’ ,

the exit phase, of the electron, The behavior of each electron ‘

inside the Tesonator is determined by its entrance phase and the

variation in the fielq during the time of transit, During this time

. . . . . ?
the electron receives positive or negative energy from the alter-

nating field, We calculate this energy for each electron, and then

sun all the values obtained for the length of a single period, If

this total is hegative, this means that the beam will sustain og-

cillation in the resonator,

From the equation of Movement for the electron we obtain an

expression for the undisturbegh angle -of flight

2 B e y
ohopelboaz Ryt gz e she)

CIA-RDP82-00039R000200090010-0
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The energy dW recelved by the electron rpom the field during

the time dt is equal to dw = sin@) tevdt, which ylelds, on
am during a period, if

passing over to the energy received by the be

there are n electrons actmp.

W, = hgdfc jcé-%smwt‘\iﬁz

L,

(6.26)

Let us define the efficiency, or the coefficient of useful

action, of the arrangement as the ratio of the value of Wl to the

energy received by the electrons during a period from the source

of direct current

Wy
Y]= nT-%vaT (6,27)

By calculating the Foregoing integral and taking relation

(6,27) into consideration, we may calculate the nyatt efficlency

h'—-’— j(%@ dmce)[i* o (s 0 Cos@ )y

The quantities Cpo and (O are here interconnected by

equation (6,25), Our prod

and (6.28) for Q)t and .
with parameter /M = E

1lem reduces to the solution of (6.25)

may be represented in

2@,

The quantity

the form of a series
n= ¢ opn+ Cz.f‘1+ e (6.29)

where Op = -2 sin o, Iy (E/Z) |
¢, 2+ Yy Cos 2

@ I' (z/2> i st 3, ()~ el ()],

w@ 3, (E) —¢0s @C,
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{ At infinitely snall amplitudes, the efficiency V) ig ex=~

‘. pressed as G
‘ 2 [o giny ==
n : - E”' Mb —
4 | wt, why (6.30)
2-

n 0, which occurs

ok <wb,L2T (kw\.z)

\q must be less tha

Lwb,d 8T

To sustain oscillation,

at
9 {wD,L 3T 4T

The oscillatory power may be represented

Uyl
i R
L
L2
ng Ry = UO/IO, we obtain Ry = B ZK , which leads to

or, setti
the following equa tion for equivalent conductances
. oA (—@'ﬁo
\ \ S\Y\(ﬂ),l,\/ ain 'i‘— %
B3R S\ o | )
Qa Re (A_)/to ,(’,'J_;Z.a

R, the equivalent resistance of the stream, has its minima
e .
for the various oscillation regions, at which the conditions
g2\ I '
ER\f 57 nust be ryplfilled, where 7 is the shunt~impedance of the

na is as followss:

resonator (i.ee \ Re\< 7). The valué of these mindir

\ Rgp = 19.6 R for C«)ﬂb = 2.1
R, = 33 B for b, = b.L8
Ry = S B por T, = 65

The case of finite amplitudes. In this case too W use the
6,29), but 1imiting ourselves

series. for VL defined by e'xpréSSion'(

to its first term:

A i
0

Prey " b
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=

it
g&
S

i
i
il

:i\‘i;: __8in W, (¢
| == "% E"j‘< /2> (6432)

6
This expression 18 nemative for ol <-C‘J't¢,<~ 27 (p"*' \/7'>
‘ with J._LG’/?_)>O, or for 2W(k * %,;)(CU{>5< Q.'TT(\?-'-*'L) and for
j Jq (Q/2> ( 0, On the planehz) CL)'CO it defines 2 sequence of rec-
! tanrles bounded bY the vertical lines 0)603'2TA£3?IV(Q+i)and by the
norizontal 1ines corresg nding to the rools of the Bessel function
Jq i.e. by the values 2 = 3,833 Te0L5eee (Figure 6,11). Output
reaches & maximum roughly at the midpoiﬁts of the hatched areasS.
The maximum output, equal to 1.5%, 1S obtained for rirst~order
oscillations at S = 5/l andE = L., IU will be seen from this re=
sult that the amplitude of the alternating voltage considerably
exceeds the DC accelerating potential, which cannot be accomplished
in the ordinary diodes, Figure 6,12 gives the efficiency Yl at
three gifferent values of 6))] ) corresponding to the first three
excitation regions. The following Figure 6,13 gives the optimum
efficiency curve, and together with it also the curves of\l/ﬁe\u-
the equivalent conductance of the electron stream and of 1/7% where
7 is the shunt—impedance of the circuite For excitation it is
necessary thabt Z>\ Re‘ 3 the condition for the establistment of
oscillation is obviously the equality 7 = Re’ which corresponds

; ‘ to point F of Figure 6.13.

To obtain very short waves from & cenerator of the type under

consideration, the simplest resonator-shapes may be used =- spherical,
for example, which is especially easy for oscillations of higher

B order. We present 2 few charac‘\;eristic rigures for the regime of
single—circuit generators of ‘the type described, operating at the
maximun of the first oscillation region: Ug = 1000 volts; Io= 100

milliamperes; X = 13 A= 5/&31 - | (point F on Figure 6.13)3
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provision for easy and convenlent tube replacement,

6,3 RETARDING=FIELD GENERATORS

(a) Kinematic Analysis of Systems with DC Retarding Fields

The transition from the two~circuit klystron to the retarding-

e operation of

field system may be easily imagined Dby picturing th

ipending! the klystron scheme along-the middle of the conversion

; gone and folding it in such a manner that the nodulation and oute

put zones are superposed. The typical scheme of the reflex kly=

] stron", or of the retarding-field oscillator with bi-grid modulator,
will thus be obtained. This system was first studied kinematically

and energetically Dby the author in 19),0-1911, as the analogue .of

the ordinary retarding-field system which developed historically oub

of the positive-grid triode.

Anode

CouPLER
LfiP
Figuré 6.1l

Let us investigate the kinematic conditions for sustaining

oscillation, by applying the fundamenfal relations obtained in sec-
ly and 5.9 to the circuit of Figure‘6.15. We imagine the

(Figure 6.16): the electron stream

tions Se

following simplified circuit

L
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pagses from the cathode K through the modulator AB, which con=

sists of Lwo grids and enters the direct electric field between

the richt grid of the modulator and the retarding electrode C

(sometimes spoken of as a reflecting electrode), We assume that

the potential of the modulator varies according to the law

Ty = Uo + Ul sin Cﬁts.
st cases 1is

A certain direct potential Ugs, which in m

negative, 1is imparted to the retarding electrode. Assuming the

electrodes to be plane and the fields to be uniform, the retar=-
dation coefficient n may be expressed as follous @
noE -Uo-UB :
° dUo (6.33) '

For Ug = 0, this reduces to n = 1/d, as previously found,

Tn retarding field devices the following possibilities of '

combination with the oscillatory system and the excitation of os=

cillations may Dbe imagined. Let us consider Figure 6.17a, which
!

shows a variant of the arrangement with a two~-grid modulator,

across the grids of which the oscillatory circuit is connected.

' The excitation proceeds in the main by means of the return of the

focus towards the modulator, &s indicated by the arrow. The re- :

tarding electrode B does not participate in the oscillations and |

its potential is constant, However, the rield between M and B !
|
|

may be considered constant, with a fair amount of accuracy, only

ry sgstem connected with the mod

when the oscillato wlator is endo= 3

vibratory.

i %
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Fisure 6,15

Figure 6,16

I':Lgrurp 6,17 b gives another variant of the scheme. This is
essentially the orclmdry trlode with a retarding rield. The oscil-
latory system is connected between the ngingle-grid modulator! (the
grid) and the retardlng electrode (the plate of the triode). Con=

sequently y @ certa:m altematmg component is superimposed on the

dlrect i‘ield between them. We shall take thls component into con-
ake_ on assumption that is charac-

we
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assume that the alternating potentials on the electrodes and the
alternating fields created by them to be so small in comparison
with the direct potentials and fields that the motion of the elec-
trons between M and B may be considered to depend only on the
latter. Excitation here may occur either by the return of the
focus towards the prid or by the arrival of the focus at the re-
tarding electrode, or even by a combination of these two methods
(see the arrow in Figure 6,17b). In our subsequent exposition

we shall refer to these variants as variant A ( the two-grid modu-
lator) and variant B (the single-grid modulator), and shall dis-

cuss them in parallel sequence.

Tf we make use of the expression for the transit angle to
the focusing, from equation (5.L8), and take into account that the
exit phase of the packets focused on their return to the modulator
is 7T‘, BTF, 5 TY—, etc (Under the condition of-E; being small, to
which for the time being we limit ourselves), and that the regime
of return of focus is subject to the condition n = %;, then the

following expression may be obtained for the transit angle to the

focus return

* _ 4w |
Wt =7, ‘j

(6.3L)

(quantities related to the focus return are marked by us with #*)

To sustain the oscillétion of the modulator (variant A) by

"means of Tocus return, this return must be timed to coincide with

. the instant‘of»maxinmm”fetardatién, i,e. with the instent of maxi-

mun ‘potential U

e
Wi :
CIA-RDP82-00039R000200090010-0
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This condition 18 111lustrated by Figure 6,18, on which, over the

curve of variation of the alternating component of the voltage Un,

ave plotted the qualitativa graphs of the motion of packetls

oty =7 and returning under the most

we hi

leaving the modulator
favorahle conditions for excitation. 14 is not hard to see that

for this the transit angle 8y must satisfy the following require=

ments

M
w(bF =i(_'_“_)_= (Zk “O.S)T,

NVo

where k = 1, 25 3yece This condition may be written in the some=

what more convenient forms

5D . (e - 1. (6.35)
(o]

Thus, U0 sustain oscillation in the modulator two conditions
must be met: the phase condition just obtained, and the focus-re-
furn condition (5.L5). It rollows from the necessity of the simil-
taneous fulfillment_of both these conditions that we require the

definite discrete values of ~§b at which the resime of sustained

oscillation may take place by means of focus returni

(6.36)

t- chh— T

Whence we obtain the following series of values for {, for

several excitation regimes:
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Table 6,7 !
: ‘ |
g VARTANT A |
1 Values of for Several fxciltation Reglons
k 1 2 3 L 5 6
PJ 0.3 0.18 0,12 0,10 0.07 0,06

Under the reservations above made, analogous considerations
may be applied as well to variant B (the single-grid modulator),
which, as we have pointed out, approximately reproduces the classic-
al retarding-field circuit, The properties of this case may be
studied by introducing a different phase condition for the focus
return, since atput of energy in this case should occur in the
plate-grid space, and the optimum transit angles to the focus re-
turn which, corresponding to excitation, are subject to the con-
dition:

_ 4w

WE¥ = =2k
£ (6.37)

Figure 6,18

x/‘\

e TN N S
T TN

Figure 6,19
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which is illustrated by Figure 6,19, This condition leads to the

following expression for

= RIr (6.38)

which yields a somewhat different series of discrete values:

Table 6.8
VARIANT B
VALUES OF FOR SEVERAL EXCITATiON REGIONS
k 1 ’ 2 3 L
"E/ 0.32 0.16 0,11 0,08

Variant B is interesting in that, under the ordinary assump-
tions of most theories (absence of influence of the alternating
field on the motion of electrons between the electrods), we gel a
pattern fairly close to the actual operating conditions in a re-
tarding-Tield oscillator without particularly complicated and un-

wieldy calculations,
(b) Oscillation Regions and Calculation of the Working Diagrams

In the retarding-field system, as with the klystron, the
existence of discrete values of ;i leads to the formation of dis-
crete regions of oscillation. In this case, in consequence of the
spatial superposition of modulation and output zones, a considerably
greater sharpness in the Wguning of the phase conditions! may be
expected than in the klystron. Thislcircumstance should lead to
the pfoductioﬁ qf Qgcillatién‘regioné thaﬁ aré consiaerably narrower
‘and'moré gaSiiy QEmafcateq from each pther, In fact, one of the

claséicuquestions‘in connection with the operation.of the retarding-

0

Fragr o v
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field system was whether excitation in it was discrete or contlnu-
ous, There were a good number of works published then on the sub-
ject, and their results were mutuelly contradictory, (Cf. Chapter

17T of this author's book Detsimetrovyye i santimetrovyye volny

(“ecimeter and Contimeter Waves), 1939. It must in the last analy~-
sis be considered estaﬁlished that besides the fulfillment of the
Barkhausen relation.x\4{?constant -- which, it appeared, should
have been applied to the continuous variation of A. as a function
of Uy -~ there are also certain other circumstances to which the
invariably observed origination of discrete excitation regmions is
due. A continuous spectrum of electronic oscillations can be ob=
tained only by using specially constructed tubes (aperiodic tubes)
and simultaneous regulation of the frequency of the oscillating
system (6], However, all the circumstances connected with this
question as to whether the excitation in a retarding-field system
is discrete or continuous can be rather simply considered from

the point of view herein set forth. If the values of zb obtained
from formulae (6.36) and (6.38) are substituted in the focus-re-
turn condition n = (2 ©W)/v,, and we pass from the quantities

n, vg, and ) to the quantities UO, UB’ and d and >\ , then for
both variants of the system we may obtain equations that define
the loci of the maximum points of the oscillation regions ( the
"crests' of the regions) on the plane U, - UB’ to which the ex-
perimentally found oscillation regions (Uy - Ug -~ the working

diagrams) are usually referred. These equations are:

SO 8000 d
Ug = U - mﬁo (A)

; . (6.39)
2000 d

U - 220 d ATy,

0 : Nk } ’UO ‘ (B)
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Fipure 6.20

Firure 6,20 illustrates these equations. The negative values

&y

. i of UB are plotted upwards along the UB axis; it is these that are
of the most interest to us. A series of discrete oscillation regions

obtained at k = 1, 2, 35+, corresponds to the excitation of each

natural wave of the circuit. The maximum values of Up and UB for

wavelength )\ correspond to the first excitation region k = 1,

W

The "crest" curves of the oscillation regions cut the Uo axis

at the points Ugys Ugpseess ebC These points indicate that discrete

oscillation re=ions are obtained at the given values of Uo and a
zero potential on the retarding electrode. Setting Ug = 0 in the
rormulae of (6.39), we obtain the following expressions along the v

UO axis for the centers of the oscillation regions:

“ U = ‘: 8000 d 2
i ok ziagfrjjjx— () |
! , E
U, - |-200d (6.10)
ok Ak (8) ,

Which‘arevsimilap to those we obtained for the klystron oscillator,
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Tn the first approximatlon these results
ment with the experimental facts.
of the most char
existence of
the experimental data for the
on the plane Uy - Up;
tersection points of the
and finally, the fulfillment of the Bark

stant, within each of the excitation reg

To values of k~> 1, the conditions of excitation of "dwarf"

waves apply, for which the Barkhausen constant

the first "basic" region (k = 1), we have

UO
- UB

>\/\)—IEQ2660d -

]

'),\I'Eofc 2000 d 0.
T, - Up

Tn this comnection we note th

coincides with the expression o

using

For Up = 0, the equations of (6,41) assume the form:

AT, & 2660 a4 (A)

AN, & 2000 d (B)

To the next two excl

waves -- the following equations correspond:

In this case we really have all
acteristic indicia of a retarding-field system:

diserete oscillation regions, entirely agreein
distribution pattern of these reglons
the character of the distribution of the in- ‘ : ]
nerests" of these regions with the U, axis; ’
hausen condition )\UOV-% con-

gions (nlong its maximum) .

at equation (6.11 B) comple tely ;
btained by Barkhausen and Kurz by § :

the idea of the noscillation of electron

tation regions -- the regions of "dwarf"

are in good agree-

g with

is smaller. For

(&)

(6.11)
(B)

s around the grid', i

(6.“1') 1‘
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| }\«UTO n 10 d (8)
k = 23

ATy & 1000 & (B)

Mﬁ: 730 4 (A) ‘

~
K = 33
’ Wi, & 604

he oscillation

(6.12)

A1l the foregoing refers to the maxima of U

regions. But 1if we take into consideration that both the focus=
return condition and the phase condition may nave certain oler=
ances on either side, then each oscillation region should have &
certain final width, The values for these niolerances" s and con-
sequently for the “"width" of the oscillation region as well, de-

pends on the energy conditions.
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The latter (cf. Paragraph 5.9) leads to the following. Cal- i
eulation of the power interral for the regime of focus~return brought

us to the expression (5,102)
(T 48 (-1
L = 8*»E’

The oscillation—region’maxima show by the curves of the
working diagram of Figure 6.20 coprespond to this quantity, Le Cal-
culation of the power integral for the regimes adjoining the focus-
return (@ # 1) gives us the variation of L as a function of © for
three values of %; , as represented'by the curves of figure 6421,

T+ will be seen from this that, among other things, the factor
exerts relatively 1ittle influence on the value and character of

the variation in the power integral., We may take advantage of

these curves to determine the boundaries of the oscillation regions
and construct & complete working diagram of the retarding-field ;
oscillator. The naxima of the curve L = £(8) lie at @ = 1, il.e.
correspond to the focus-return condition, We draw the horizontal
line AB so as to cut off on the axis of ordinates 2 segment de-
fined by the condition for sustained oscillation in the given os-
c¢illatory circuits

RESAN

Then, obviously a1l that part of the cuxrve L(e) which is
situated above the straight line AB corresponds to that interval
of the variation of 8 (between the points A' and B') in which the

excitation conditions are satisfied. Since € = (2t @)/vgs the

variations of © during this interval may be converted to variations

i of another parameter, for instance, of U, or UB’ and thus the boun-

daries of the excitation regions may be found and the terest! di-
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agram turned into a full space diarram,.

The power-integral curves may be utilized for calculating

the efficlency of a retarding-field system:

_ Y, ¥ LT 4B D
N=gmt " am T+E (6.13)

which gives the results shown in Table 6.9 for LP = 1
Table 6.9

TABLE FOR THE VALUES OF EFFICIENCY

) .
K T»\ 0.5 0.8 1.0 1.2

1 0.13 0.1L 0.39 0.2 0.33
2 0.18 0.06 0.15 0.18 0.13
3 0.12 0.0l 0,10 0.12 0.08
N o.io 0.03 0.09 0,10 0.07

As will be seen from this table, the maximum possible efficl-
ency obtained is somewhat above LO%, without allowing for the absorp-
tion of electrons by the grids., The coefficient, \V which takes
account of this, may have values ranging from 0,05 to 0.}, depending
on grid desipn, as may be inferred from.practical work with ordinary
retarding-field oscillators. If we adopt, as one of the very prob-
able values, \P i~ 0.1, sthen we obtain values for the efficiency
from this table which are in good agreement with those that charac-

terize the operation of a retarding-field circuit, nanely n f\-)-

u

2=, percente
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6,), CALCULATION OF UME ALTERNATING POUENTTALS IN

THE KETARDINCG-FTELD CIMC-U...L‘
(a) The Basic Elements of the Problem

Let us now consider a system (I'irure 6,22) consisting of the
cathode K, the plane modulator M, the role of which may be played
by a single grid with potential Uy, and the flat retarding electrode
B with the potential UB’ which in most cases is negative, Assume
that on the electrodes M and B there are alternating components of
the respective potentials, and that these_éomponents vary in directly
opposite phases, since an oscillatory system is connected across
these electrodes. We express the potential of the electrodes as ]

follows:

Potential of modulator

Up = Upo * Ui sin CJ t;

(6.1k)
Potential of retarding electrode:

UB = UBo - UBl sin @t

Then the field intensity in the space AB may be expressed as

follows: 2
U - YB Umo-‘\)so (1+M,\i5#g‘nw(59 ,
E=—g—= ry Uno= Y80 (6.15)

To simplify the further calculations the following notation

will be used

(6.146)

-z}pq 1“&13
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Here n plays the role of the tmean retardation coefficient",
that of the "modulation coefficient of retardation", The ac~
celeration of an elaectron is given by the expression

" YW02 . .
X=a= - (1 + T sin @ t)e (6.17)
It will be seen in the general case that the variation in
acceleration in the retarding space is determined, not by the modu-
lation coefficlent EM , which is responsible for the variation
in velocity as the stream traverses the modulator, but instead by

the more complicated function \?/ , which may be termed "modulation

coefficient of retardation®,

Let us now perform certain calculations without imposing any
conditions on the values of ZM ) EB , and ‘& . By integrating

expression (6,L7), we obtain the velocity of the electron

V__’;_Va (b-t)+ VW T+, sin @B

(6,18)
ROV (e wt- cos wihs)
7w
or
v=V, L+ Fayoin @5 — /'0 +
(6,184

+\E’m’° @oswt_sﬁwsw't 1)-sinwd, Smwtj

Here tg, as before, is the instant of starting, i.e, of the
elecnron s exit from the modulator into the conversion space, OT in

the clven case - the 1nstant of 111crht through “the grid M, By the

following: 'nteg atlon the path traversed by the electrons at any

ot
proved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0
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(6.19%)

kR
+1:£-;-j-,: Em Wiz Cos wt- ) +Cos @t (Sinuwt =)
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Formulae (6.L8) and (6,L9) are distinguished from
the corresponding formulae for velocity and path in the constant
retarding field exerted by the underlined terms, The condition

D F(t, t)

—"-—:'5"‘“‘{"""'”"‘ = 0, by analogy to Paragraph 5.5, to solve the
S

question of the focusing of the stream under the conditions being
considered, if the behavior of the stream be considered at any
given point x. By applying this condition to equation (6.L9), we

obtain the angle of transit to focus

(Jt?_} \fo ‘/ !'f' EM‘S(IA wt$

VowE 005(0){‘5 i IVAN =
VWWEEOC®Ws L NV, C (6.50)
2N+ B Sin@is 2 (H‘Zémwk)

This formula differs from formula (5,146) only in the term

(‘.E/ nv,)

—5 sin(a)ts in the denominator, which term takes account of

wb‘: =

the effect of the alternating field, Formula (6,50) determines the
teurves of focusing time", which are not without interest, and may
be represented in the form of the curves w’tp = T @ 'ts) or also
Cotyp = tg) (bearing in mind that tp = tg * “\'F ). Figure
6,23 gives an idea of these curves, which may, like the curves

XF = £( G ts), be either continuous or discontinuous, depending
on the value of the retardation, The broken lines show the curves
w/t‘p = f{ GO tg) and @ ty = (e ts) corresponding to weak
retardation, while the solid lines show the curves that correspond

to a stronger retardation., A% weak retardation a certain interval

occurs, within which &)’(SF nay become infinitely
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>

Figure 6,22

great, This occurs at

dvg
dv
. +a |l =0 or _'s =-a (6.51)
dtg s T, s

i.e. when the acceleration imparted to the electron at its exit
From the modulator is equal and opposite to the speed with which
its exit velocity varies. On substituting in equation (6.49) the
expression obtained for '0 F an expression for X may be obtained,

and the equation for the locus of foci may be given the following

.Figure 6,23

Al
CIA-RDP82-00039R000200090010-0
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somewhat less cumbersome form for use in fairly accurate solution
of the problem:

AN Aottt
= LN i ks (Cos w4 Cas g (SN 0T O
R A Tl £ ® F(e.r’f'):\

By xFo we must understand here the corresponding value of
the locus of foci calculated by the formula for a direct retarding
field (Formula 5.143), - In this case the values of Wts, n, and v,
should obviously remain the same, but in the expression of the value
of g% in formula (5.0,3), the ccefficient7£M must be used instead
of ?L . The latter enters only into the term that defines the

effect of the alternating field,
(1) Graphic Methods

Expressions of the type of (6,51) cannot always be success-
fully used, on account of their unwieldiness., Ihis compels us to
have recourse to a combination of computational and graphic methods,
The values of the errors introduced by various simplifications may
be ascertained by the aid of such combinations, and we may then
establish the admissibility of certain forms and methods of cal-

culation borrowed from the simpler conditions of the direct field.

If a definite and specific case is set, a series of trajec-
tories of individual electron packets may be constructed by formula
(6.49), taken, for example, at every 0.1 4 from the starting
phase (p tg for 2 whole period, We shall then obtain a series of
curves X = f((;)ts) similar to parabolas, but differing from them
in the underlined terms of formula (6.49). From these curves, re-

presented in Figure 6.2l;, another set of curves on the plane of

Declassified in Part - Sanitized Copy Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090’6‘1 0-0
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times ( @ t, @ tg) is constructed to represent the loci of
the constant X'8, i.e, the set of horizontals".

_‘._——._"_-‘—’M
-0l

Figure 6.2L

4 in this manner makes it

(et @ ts) constructe
ined by the acct

The surface X =
racy of the drav-

possible, with an accuracy determ
ind the position and movement of any packet at any assigned

ing, to T
const plotted in #1

pure 6.25

instant of time. The ”horizontals” X
have still another useful property: their extreme points correspond
to foci, for at such points the condition dv/dtg = O is satisfied,
i.e, the tangent 1s para].lel to the axis of abscissae. These focal
oints of intersection between the horizon-

Cﬂ)t-e\ = (@ ts) const

broken line in Fig

points may be found as P
ructed by equation

tals plotted and the curve
cated by the ure 6425
£ @ ts) and plotting it on

r the
£ t)e

(6,50). This curve is indi
e curve W tp =

Having such & spac
the corresponding planes of coordinates, W€ may obtain eithe
£ (@ tg)s OF the trajectory of foci xp =

1ocus of focl Xp =

cheme of the mos

Such is.the 8 t, general gfaphj.c method, which may
be very useful in studyiﬁg the ‘electfon stream under the conditions
d alternating field.

of any assigne
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ieure 6425

Another graphic method was applied with the aim of ascertain-
ing the conditions of focus return to the modulator in the alternating
field determined by the phase [e)f? 1% and. the values of E correspond-
ing to various excitation regions, Here the matter stands thuss:
starting out from the excitation$s s cheme adopted, We assign such values
to Q)te;ﬂ, 1,2, to the current time, &S should probablys under the ex-
citation conditions, correspond to focus-return. By employing the
assigned W ’c%; and the conditlon X = 0, we may obtain the relation
petween the nmodulation coefficient E and the angle of transit
that corresponds to focus returni ( 5)(12)43) = 0, As parameter )
characterize the regime it is convenient 1o choose the quantity
p = nvo/(,a) . With this we mey make use of the expression for x

written as follows

x=0t .\./é_)— L By sin (WL= ) — (&)’L‘} +

—\——L\"’ Znwt-wset-@ AsinwT)+0es wt(smm wb eosE, s%)j

Whence, for x = 0 and /) =P W have

o
1 s T eTen

(6.53)
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The family of curves CUQF = f(E) with parameter p is

thus constructed on the plane \E)CU4: . TIn Figure 6,26 these are

[

k=3 r__,____,____ﬂ__—_m—

(k = 1) (k = 2) (k = 3)

| (o) S =)
® wt =FE) for x=0
(O wtt =£)

Tigure 6.26

the curves a which constitute the locus of CU,O and E corresponding
to any (!) assigned focus. In just the same way, and for the same
values of p, we construct the family of curves b, obtained under the
condition x = O, and the coordinates of which correspond to the re-
turn of the electron packets to the modulator. The points of in-
tersection of those curves of the families a and b which correspond
to the same values of the parameter D, from the curve c. The

latber constitutes the curve Co,&?; = f(E) that corresponds to

the return of the focus to the modulator. The -ordinates of those
points on curve ¢ whose abscissae are the values Oyﬁ:—f ," found for

the same values of p from equation (6.53), give us the values of

Declassified in Part - Sanitized Copy Approved for Release 2012/04/0 CIA-RDP82-00039R000200090016-0
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souvht, for the various excitation regions,

By using such somewhat unwieldy methods 1t is possible to

establish, without placing any 1imitation whatever on the value of

the following important circumstances that characterize the
operation of a retarding-field system in the presence of an alter-
nating field in the interelectrode space, Study of the curves for
the locus of foci shows thatl their character is qualitatively main-
tained, However, ‘the phase of focus-return Q) tes which in the
case of a dircct field we assumed to be equal, within fairly pre-
cise limits of accuracy, to Tr , varies here and increases withhf/ .
The corresponding values of the retardation factor n likewlise in-
crease, In brief, if (lft*s, ¥ and & represent the quantities
that characterize the regime of focus return to the modula tor un-
der the conditions of a direct field, then the values of these
quantities that correspond to focus return ih an alternating field
may be expressed as " - ¥
C&)t*s; bd'tf +A wts
Nk = T+ A¥

Y x = T¥ L ATR

(6.5L)

1l

it

For the first excitation regions the following values are

obtained:
Table 6,10
DATA FOR SEVERAL EXCITATION REGIONS
k 1 2 3 Iy
G§ e 1,2 1.1k 1,10 1.07

O,Bi L0417 Co 0.l 0.08

N %
fralis R e
Declassified in Part - Sanitized Copy Approved for Release 2012/04/09 - GIA-RDP82-00039R000200090010-0
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Comparison of these values with those that characterized the

analogous regime in the cése of a direct field (varient B) shows

that the modifications introduced by the alternating field are very in-

significant.

(c) Sumary of the Results of the Tnvestigation of the

Various Regimes

Let us classify as follows the principle rezimes of the sys-

tem under examinations

(1) Regimes characterized by the equality of T and EM

occur either when Ug =0, U. = O3 or when UBo = -UMO and Ug; =

BL
B M,

regimes may occur in a system with a single-grid modulator.

(2) Tne retarding electrode, possessing & airect potential,

does not participate in the oscillation; then
1=
-8
This case is of interest for the consideration of systems

with a two-grid modulator and a retarding electrode.

(3) The most interesting case is that of the symmetric connec~

tion of the circult across the grid and the retarding electrode; ob~

viously here ‘EM = 5 and
- ZEM
t = /8

To sum up in brief the results of the study of these regimes:

oscillation regions may be: expressed as

% Declassified i it
ssified in Part - Sanitized Copy Approved for Release 2012/04/0!
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= -UMl.; or under the condition that EJ MUBO = -'é u ., All of these

(1) The regime t :EM . The parameter P for the various

et
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: = 26T
-: =2 (6.55)

We obsecrve that in the case of a direct field for the
variant B and the same focus-return conditions, this parameter

is expressed as p = 2/k 11 .

Figure 6.27

The equation of the working disgram on the plane Uy =~ Up,
which has the same qualitative appearance as that in Figure 6,20,

assumes the form

6280 kT d i
U =U =
By Mo Akl - 1) THo

and, for UB0 = 0, ‘ (6.56)

©(2) Te ,,e‘xc‘i‘ta’c.ioﬁ, of a two-grid modulator, allowing for the

alternating field outside it this is a regime for which

S

fy
i)
b
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Let us imagine the system represented in Figure 6.27, in

which the oscillatory circuit is connected across the grids of a

two-grid modulator, while the retarding electrode does not par=-

ticipate in the oscillation, In spite of this, there will be an

alternating field in the space MB provided the modulator is not

an endovibrator with grids close together, Analogous systems,

for instance, were constructed by the author and Yu, F, Miller in

19,40-L1, The scheme of one of these

tubes is shown in Figure

6,28, The oscillatory system is formed either of a concentric

line ending at the modulator grids or a Lecher system connected

to those erids,

In this case the factor g% = Ug / Uy » which rather strongly
0 )

deforms the "crest" curves of the oscillation regions, plays an

important role in the calculation of

the working diagram; this in-

fluence is illustrated by Figure 6,29 in which curves B and B' are

calculated for the first two regions

of the tube (d = 0,5 cm),

T T T T\ _MoDuLATOR

— N
T ( To LECHER

L SysTEM

A
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working on & wavelength L0 cm, without allowing for the factor,

; ‘ Cupves A and A' are the same, but allowing for

600 '
X = LLO cm

| Ci = 0,5 cm

d 500

1,00

300

200

100

100 200 300 ;00 500 600 700 800 900 Uy,
Vol ts

Figure 6429

The “crest" equations become more complicated in this case:

L (% - 0.5)3rr3 - L1 + (2% - 0.5) ] 12560 d
Uy, ~ TTA(26-0.5 ﬂo

8o (2 - 0,5)3T> 0

U

and, for Uy = 0: (657)
o

. 12560 d(2k - 0.5)°
i, | TC2k -0.51373 - T+ (2 = 0.3) T 1 A

[en]

these formulae take

i In spite of their evident unwieldiness,
on a very simple form on substitution of the numerical values of ke

Thus, for k = 1 (the pirst region), we obtain

CIA-RDP82-00039R000200090010-0
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B} _ 2660 d
5y = OBy 280 3o
u, = (a2 3}2
o L

(3) The regime of symmetrical operation of the electrodes:

EM =%6 ., Tis regime is the most interesting one from the point

of view of verifying the theory by experimental results, since it )
corresponds to the ordinary operation of the retarding-field with !
the oscillatory system connected across the grid and anode. Analysis
r a parameter analo-

of this case yields the rollowing equations fo

gous to p:

? Yo 2k 1
wd 27k - ﬁ ) -2 (6458) ; ]

of the excitation reglons

and for the diagram

) _kemt-2, 6804
By e Mo AKTT (6.59) ,
and, for UB = 0,
)
_[ 680 dx

| 6280 dk
My [Wx2T*-2) !

Under a symmetrical regime, bilateral excitation of the 7 1
system 1s possible, and study of this can give us not only the ‘

course of the "crests" of the oscillation regions on the diagram,

but also the distribution of the maxima of intensity in these regilons.

In fact, by expanding the concept of the peat of the focus" on both 1

i electrodes bounding the conversion zone, it may be shown that the

‘ optimum excitation conditions should occur in the case of the simul=

taneous "rolling under" [podlcachka] of energy toward both electrodes, !
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which takes place only at certain discrete values of ﬁ defined
by the equation :
: , o3 . Aﬁ»m) "
gf_&%‘ﬁ-?(sm w-k;-smw’cf* oty Cos it )= S0 Wt Gl
¥ (6.60)
For the first excitation zone, the following values of

are obtained:
f Table 6.11
: VALUES OF FOR SEVERAL EXCITATION KRGIONS

. : k 1 2 3 b

\5 -0.33 oae  0.08 =005

This circumstance actually leads in practice 4o the forma=
tion of oscillation regions located along the Hepests", and of dis-
tinctly expressed maxima corresponding to the points of intersection
petween the togrests" and the straight 1lines ﬁ = const, plotted
by equation (6.60). For values ofﬁ pigher than -0.5 = -0.6, any
oscillations at all prove impossible, which is entirely confirmed

by the exper-imental data.

The working diagram of the Muller tube [7] (Figure 6.30) may

serve as an i1lustration of all these calculations. Tn this diagram

3
7
i
1
H

the theoretically calculated nerestst of the maxima of the oscilla-

——

yion regions are plotted in juxtaposition to the experimental data.
Here the curves Ay and A! correspond to the first and second
regions of excitation at wavelenzth 16,5 cm, while curves A,2 and

Apt are for the same regions at wavelength 21 cm. The inclined

straight lines correspond o the values ofJB = ~=0.33 arhc?ﬁ: -0.12
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100 200 300 LOO 500 600 U?
volts”

Figure 6630

and intersect these curves precisely at the points of the experi-

! mentally determined maxima.

All our formulae were deduced for plane electrodess On

gransition o the cylindrical electrodes, which are often used in
practice, the quantity d, being the distance from modulator to re-

tarding electrode, may be replaced bY the condition

- B
d = ndn g (6.61)

where Ty is the radius of the modulator o of the grid in the case

of an ordinary triode; and Tp is ‘the radius of the retarding elec-
trodes, LU was_precisely this change that was made in the formulae

of (6.,59) for the palculafion of the "crests" of the working dia-

gram for the“Muiler cylindrl al tube which is shown in Figure

6,30,
nalys__is" of the retarding-field
ﬁ;ngvfieid in the conversion

yf‘elaboratéve detalls

CIA-RDPS; -00039R000200090010-6 %
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and to the establishment of computational Ilormulac more in

line with the actual phenomena,

(d) Energetic Analysis of the Retardins:-li‘ield System,

‘ Allowing for the Alternating Voltase

The excitation of the retardina-field system may be analyzed
- without imposinz any limiting conditions whatever on the value E ,
{f the calculation of induced current is made use of. Ihis cal=

wlation is based on the formula we have repeatedly encountered:

] AV
1 Lo dx X
1nd<t) -3 & dtg
f -t
Here X = tr - ‘tS: the time spent by the electron or elec~

tron packet in the interelectrode space, It may be Jound from
equation (6.L9), if x is equated to zero, and t = t,, the instant
of the electron's return to the modulator, bearing in mind the
most interesting practical regime characterized by the condition

26 =EM . Takir

ng for dx/dt the expression for the velocity of

b : the electron obtained by the first integration of the equation of i

motion, we obtain the following expression for ijg:
T Wt =2+ wt St
' ‘r’vf(lmB) CoswT(Ros wwt

llmL M-sz +Smw’cr23mw(3- wh (cogw@(:;%]

8

The value of Cd't is here a function of the time, and it
undlsturbed“ transit angle,
the électron in the retarding

f}gle is equai to:
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= b ‘
% = nrn (6.63)

On representing CkJ4: in the form of an exponential series
in the powers of ?z, , the coefficients of which depend on &, and
t, and then substituting this series in expression (6,62), an ex~
pression for the induced current may be obtained in the form of a
Fourier series, Omitting the fairly complicated mathematical
transformations, we obtain, for the first harmonic of the current:

. o INE(-B) [ %)+ t 7>
“ad T e adrwr sintt (Arhg)eos (FS‘J‘FB@.&))5

where the coefficients Al’ A;’ Bl and B3 are expressed in terms of

QO in the following manner:

Ay = 2 singy - 85 - 8,c088, (6.69)
Bl = @sin6, - 2 + Ecoseo
(1 - cos 90)2 v ri - cos 8, ~ 9,51n6, :1
2
: . 2 85°
\ . + (8, - sin 8,) + =5 cos8, .J
e
S + (6 5in8, - 1 + cos@o)902(1 - cos8,)
. , ] N
(1 - cosB,)® + 8oc088, - sind
2
+ (8, - sin@o)2 ‘1+0 /2 « sinB,
6 1 ©
377

. 2
- (9 c0s8, - blngo)go(l ~ cos8,)

The term with cos (Ot forms the active component of the
current, which component is either in phase with the voltage or
lead 1is by‘TT‘ . The term with sin (ot constitutes the corresponding
reaétive component, Designating by U the amplitude of the alternat-
ing.voltage between the modulator and the retarding electrode, we

establish the following relations:

5 322,—

o 3
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IO

] They represent the active and reactive conductances in the

oscillator under consideration, which may be represented in the

form of a parallel connection between the negative resistance Rose :

. Figure 6.31

and the inductance Lggqs with the load of the oscillatory circuit
LCK imposed on that connection (Figure 6,31). The oscillatory pro-

perties of the oscillator are thus determined by the magnitudes of ]

i : 0, T, Uy and UB . The variation of the coefficients By and By,
o 4

(o]

o’

that determine the conductance, ig shown in the curves of ¥ figure

6.32 as a function of the transit angle ©q.

ied in Part - Sanitized Copy Approved for Release 2012/04/0
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BB
16

12

3

3

Pigure 6.32

The condition for excitation of the circuit is obviously:

= *7 <o

(or — < 0 for no-load operation)o
Rose

Here ¥ is the shunt-impedance of the circuit. To satisfy
the condition for self-excitation, it is necessary that Bl\) 0., It
will be seen from Figure 6.32 that B1 is positive in a whole series
of successive regions of variation (which are hatched in the draw-
ing). In each excitation region the negative conductance has a
meximun, the size of which maxd.imm increases with the number of
the exéita"‘oic}n region, This imeans "bha‘r) at high loads the regions
of ‘hi,ghef orders. are moré easily excited, and this is completely

conf med by exi)érimé‘nt."

i

i
CIA-RDP82-00039
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Remembering that Qo is connected with the parameters of the
rogime by equation (6.63), the oscillation regions shown in I'igure |
6,32 may be converted to the ordinary working diagram of the oscil=-
lator, for the plane Uy - UB « The result of such a conversion ; i

o ) : o

for a resonance tank [rezotank] with retarding field is shown in . i

Figure 6.33, #or each region three theoretical curves have here . {

Ub
volts
250| a -I_ =20 WA ‘
: b =Ty =30M A
200f ¢ - Igy=hs M4
d-I, =60 ™M a
150 |
100
TII excitation I excitation region :
region II excitation region 4
100 150 200 250 300 350

Ug volts

Figure 6,33

been assigned: fhe broken lines show the boundaries of the regions
and have been calculated from the points of variation of Bl’ where
Bl = 03 the dot-dash lines correspond.to the maximum of By and con-
sequently to the 'crest! of the oscillation resion. Ihe solid lines
in Figure 6.33 éhow the boundaries exéerimentally determined, at
various emigsion cﬁrrenté, for the oscillation regions., From the

condition.l/Ros + 1/2’4: 0:we may ‘calculate that minimum strength

¢
- of current iy which will assure excitation of oscillations in the
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system involved for a miven transit angle ©,. Thus, for instance,

for the self-exciting resonance tank, the oseillatory system of

{ /
' : which is characterized by the value 1/% = lf'.O-lO"6 mho, it is B

necessary to have
1/Roge = =Lo*3+h+1073 mho, : G
1 k (by equation (6.66) with ;;47 0), which gives, for the minimum ‘ 1

] current, i, = L)y milliamperes, The actual emission current, of

course, must be 1/ Y higher.

g From the equations given above we may calculate the effici-

] ~
ency 10
ency h _ 2 le-ct U _ %T{B‘EZ—} 83%4]
| s (Uy, = Usy) o (6.69) , g

0.1

0405

0.2 0. 0.6 0.8 1.0

Figure 6.3L

which for the_maxima‘of ‘the Bl curve gives

2
N o 2 (6.70)

nax B,
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and, for the regions designated by higher nwn_erals, approximately

reduces to
Ylmax# 2/8, (6.71) :

It will be seen that the efficiency falls in the regions
their excitability increases with ‘ i

with higher nunbers, although

their numeral.

To iilustrate the enerry relations in this system we present
mire 6.2l shows the relationship of the system .

two more graphs.

ncy to EJ for the optimum
first excitation rezion, As we note that the maximum efficiency,

transit ancle @4 = 7,66, in the

efiicie

max —
0.2

0.15

0,1

0.05
13,0 1h.0 15.0 8o -t :

' 0 e

6,0 7.0 8.0 9.0 10,0 11.0 12,0

Figure 6.35

E = 1, we should not forgetb

equal to about 22%, c‘orresponds to
ustom=

that this E," N"”ﬁ'@ i.e, is determnned not alone by our ¢

the stream, but also by

o S SRR AR

ary coei‘tlclent of velécity modulation of
‘oween “the d:.rect voltavge on the modulator and that on

the ratio be
For thls reason, in order to obtain the

-kthe retardl g electrode.
we must choose

mency wi thin each osc1llatlon reglon,

e cond:. 'bi on’

ied in Part - Sanitized Coj ’, :
py Approved for Release 2012/04/09 : CIA-| RDPBZ 00039R0002000§OO
10-0



Declassified in Part - Saniti.
ized Copy Approved for Relea
se 2012/04/09 : CIA-RDP82-00
. -00039R000200090010-0

(6.72)

whence, too, the maximum efficiency expressed DY formula (6.70)

i will result.
{4s the course of the curve of maximum

Figure 6,35 represen

efficiency for the first and second excitation regions, as a func-

tion of 84 The values obtained from the maxima of {hese curves,
| R
Y\\”g 229 for the first region, and h:é 13% for the second, agree

fairly well with those obtained by the above-described method of

calculating the power integral for an oscillator with a two =grid

modulator and a direct retarding field.

Turning now to the expression of the reactive conductance

(6.67) and the graph of the coefficients Al and A2 determining it,

a function of the transit angle 8,, we are

shown in Figure 6,36 as

now in a position to obtain an explanation of the variations in %

frequency observed on variation not only of Uy and Ups but also,

|
i for instance, of the oscillation anplitude and load of the oscillator.

The point is that the working frequency of the system 18 determined 7

by all of the reactive elements that belong to the equivalent cir=-

d i cuit, based on the condition

# t - 00=0 (6.73) |

1eBu; at‘cchstant L and:Y, the frequency mist vary if by virtue

onditions whatever.L . should vary. The condition (6.73)

CIA-RDP82-00039R000200090010-0 "
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al

Figure 6.36

contains the explanation tor most of the phenomena of the peculiar

behavior of the frequency of oscillations on variation in the tuning

of the exterbal system connected to the electrodes, which have e-

voked a good number of theoretical explanations starting oub from

the postulate of interaction petween the independent electronic OS=

cillatory mechand.sm and an external tuning system (Cf, Kalinin, V.

I, Detsimetrovyye 1 santimetrovyye volny, 1939, Chapter IV, Para-

graph Le3)e

(e) Conclusion
In summing up all the material on the retarding—field system

set forth in Chapters IIL, ¥, and VI, it may be definitely said

that the dispute on the existence of '"purely electronic! oscillations

in the sense of the electronic‘oscillations of Barkhausen and Zili-

‘tinkeﬁich has no longer any meaming at the present time. The most

probable béhaviofvof,the olectron stream in the retarding-field sys-

ik o
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tem would appear to be as follows: between cathode and grid there
is a direct current, which is determined by the total cathode
emission current Ig,. lhe current Y Tem passes through the
modulator (whether it is single=-arid or double-qrid makes no differ-
ence in principle). A1l the events in ilhe electron stream necessary
to sustain oscillation occur on the path of that stream to the sur-
face of return, and back to the modulator, If the modulator grids
have the same "“coefficient of absorption” \Y with respect to the
returning electrons, then the return current entering the acceler-
ation space is meas sured by the value of q)&I (on condition that
the electrons do not reach the retarding electrodel). The coeffici-
ent of absorption must, however, in fact be larger for the returning
electrons, since the vast majority ol them give up energy, on the
return path, to the alternating field, and arrive back at the grid
with a lower velocity than they had on their outward flight through
it, It is for this reason that the negligible part of the electron
stream that penetrates back through the modulator into the acceler-
ation space cén play no part whatsoever in the excitation of os=
cillations. ‘lhe factor that controls the electron stream with the
aid of the alternating electric field and determines the frequency
of that field, is exclusively the oscillatory system assoclated
with the stream. On aocount of the reactive properties of the stream
itself, only small variations may be ‘made in the frequency of the
circuit; Such Erequency varlatlons are more no%éeable in the re-
tarding-field system than in other electronlo oscillators by virtue

modulator and gener-

of its superpositlon of the functlons of the

iscreteneSS of excitation
o fundamental character-

tors of ultra-high
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CHAPTER VIT
THE MAGVETRON
7.1 GENERAL CONDITIONS., THE WAGNETRON AS A THERMIONIC SYSIEM.

When we come to consider in greater detail the phenomena in
the magnetron oscillator, we must analyze the fundamental proper-
ties that eive the magnetron its somewhat special position among
UHF oscillators, ‘These properties are mainly due to that very pe=
culiar character of the motion of electrons in the magsnetron with
which we have become acquainted, in its general outlines, in Chap-

ter TII,

Let us first take up the solid-anode (single-anode) magnetron.
When the magnetic field is zero, this is a simple diode to which the
Langmuir relations are applicavle, This corresponds to the case of
the distribution of potential and space charge, which has been
thoroughly studied. If the anode voltage of the diode greatly ex-
ceeds the saturation voltage, then the space cherge, in practice,
disappears, and may be disregarded in the various considerations

and calculations,

The existence of a magnelic field bends the trajectories, in~-
creases the time spent by the electron between the electrodes, and
in consequence increases the density of the space charge., Its
effect increases with the flux density of the magnetic field and
becomes particularly important when the critical conditions are
reached (cf. Chapter III, Paragraph 2). The work of Hull referred
to in Chapter III was the first in a long series of researches
that yielded very valuable results, but which over simplified the

problem by ignoring the space-charge effect, To allow for this

_332_
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effect in the case of the magnetron involves considerably greater

gilficulties than for the ordinary diode wi thou

but at the same time it is more essential to the correct solution

of the problem. As we have already seen,

and the magnetic flux density an

d anode potential associated with

them, play & Very important role., The critical relations between

Ua and 1 obtained by Hull from a consideration of the motion of

the electron,'without allowin~ for the space charge, were excel~-

lently justified by experiment,
consequences derived therefrom.
circumstance is the result of a
fact that the critical magnetic

tial difference between cathode

together with a coodly number of
Accordine to Brillouin, this
curious coincidence due to the

rigld depends only on the poten=~

and anode and may be found with=

out going into field distribution and shape of electron paths.

The space charge powerfully affects these two factors, but has no

influence on the potential difference assigned from without the

system. The critical conditions, in fact, may be very simply

found, even without knowing the

shape of the electron paths.

Using the notation and coordinate system of Paragraph 3,2 (Figure

3,8), and the expression for Lhe ansular velocity of the electron

(formula 3,33), we have:

W
b3 (1 - roz/rz) (7.1)

where Q)H = eH/m, and we may write the expression for the kinetic

energy Ekin of an electron at point r at the given instant:

Ekin
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e
s

: By the principle of conservation of energy we nay write: 4

B in "t el(r) =0 (7.3) j

1f we assume the electrons to leave ‘the cathode at zero velocity.

] The critical conditions are obtained from equation 7.3 by substi-

‘ tuting (7.2) in 1t and bearing in mind that T = 0 and T = I'yj

{ whence
1, 2
i 65 (g = mfra) + g = O (7.1

The ordinary conditions for the critical regime are obtained

from (7.h) with rg K Tyt

2 U
1 a
(7.5)
or

* 6.72 « %

1 H = === U.”?

] a

* Ta

Thus, the true critical conditions are obtained from purely i
' ! energetic considerations with no information whatsoever on the

character of the distribution of the space charge and the form of

the electron-paths.

Up to the present time, there is still no generally settled

; : opinion on the distribution of the space charge in the m gnetron and
the shapes of the electron-paths due to it, We shall here discuss

two very interesting view points represented in the works of Braude

[2, 3] and Brillouin [1].

‘.ﬁz
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The initial assumplions of these works are identicale To
the ordinary equations of motion of electrons in & cylindrical sys-

tem of coordinates:

e o?_ _ el o .
r - 18" = ?d(l’r IIrQ)

1.4 28y _ ey -
=0 (£°0) = 2 Hr (7.6)
mz = 0

two supplementary equations are added, connec ting the current I for
unit electrode length Q, the density of the space charfe, and with
dlp

X

field intensity By = =G ;

1 af. W
= “d'f(r a‘f) LT P
(7.7)
I =2T\—r?.{"

It is also assumed that the electrons' exit velocity frot
yhe cathode 18 zero; and that at the instant of exit t =0, ¥ =T

T =0,- 0, and B = B the field‘intensity at the cathode.
From equation (7.7) it follows thatt
rE, = 21 R (7.8)

where /& is the trénsit time of the electron from the filament,
where ¥ = Yoo to the point T = r. The same relation should ob-
viously hold for ordinary tubes a8 well. 1ts appli.catior\ to mag-
netrons, however, encounters certain gifficulties. The point, of
course, 1is that for H 7/Hk’ the current I = 0, but r is not zero.

The question arisess what are E. and/b 2 A possible answer to

Declassified in Pal
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this question may be that since the electrons never reach the
anode under this reqime, A -=o, This means that the product
14 yields an indeterminate quantity of the type Qs o9, thus
making possible the existence of a finite value ror Er' Ob-
viously we must be very cautious in the specific application of
equations (7.7) and (7,8) to critical and posteritical current
per unit electrode length instead of the anode current, as in
precritical regines, This substitution, however, appears some-
what formal and physically insufficiently grounded, although it
helps us to perform 2 number of important calculations, with good
results, v
We shall employ the following notation: %r{L = lwﬁ =03 L
(Larmor's cyclic frequency) and -Ie-n E, =6 3 2 }Oﬁ I = ZThen from
(7.6) and (7.7) the following basic equations may be obtained.
Their solution enables us to find the distribution of potential,
the density of the space charge, the nagnitude of the rotational
current, and the wavelength of the first-order electronic oscil-

lations:

d = OJL(l - roz/re) (7.9)
Yoalr(l - h/rh) JIo Pttt B + At (7.10)
1 0 T
t
ey . x £ 7.1
mUr_ 5% in ro+ oA t.;dt. (7.11)
Q

The case of the absence of the space charge is obtained at
A= 0. Substitution of this condition in the basic equations
quiclcly brings us to the wgll-known relat‘ions that we discussed
thoroughly in Chapter III.~ Things are faf more complicated where
' under the condition By = 0 or

there is a full space charge,. i.e.

-
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; ,B = 0, Settinrzﬁ = 0 in equation (7,10), the quantities r and P

: may be found, after mathematical transformations, in the form:

r=2 /\/TL (th?/?[l = 10,5 (%)ﬁ

L5 (75)4 - 8.5 (Gﬁhﬁ)ﬁ o] (7.12) '
. , V4
g=3A/'3-_-L (Wi vl aaé(-_> 4165<w ({13)1

By setting # = 0, we determine the transit time ’c for the
critical regime, from the latiter formula, 1In doing this it develops
thatl we may consider &)Lt X')T where 5 is determined by the degree

of proximity and is roughly equal to 0.9,

The value of field intensity for the precritical regime

(H < Hk)’ is expressed as follows:

' (A L
h_a 2 Ua LF)-2

1l (7.1))
72 i WETLE) o 2ie0 ¢ )

Here R(wL'O ) denotes the series within the brackets of
formula (7.12) with the transit time T substituted in it, while

= H/Hk.

In the case § .5/ Hk’ according to Braude, the quantity I,

in determining > 1s taken as the rotational current instead ;
of the anode current, which becomes equal to zero in that case, He
calls the current passing from cathode to anode I and the current
Passing from anode to cathode I2, and then defines the rotary cur-
rent as I = I, - I, % CARAY -2I,, and the anode current as

I =1 +I,% o,

CIA-RDP82-00039R000200090010-0
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For H = Hy, as already remarked,wl_’_ﬁ = §T0 ., and

A w\f:} G
27, RO\ & (3T PG o)

(7.15)

If the magnetic field is higher than the critical, then
the space between the cathode and anode of the magnetron may be
divided into two parts. The first extends from the cathode to
the middle of the electron return space, and has radius rp. A
regime of full space charge may occur within it. ‘he second
part is included within the ring of internal radius ry and ex-
ternal radius r,, and contains no electrons. The position of
the plane of demarcation is defined by the quantity k = H/Hk.

Field intensity in it proves to be equal to

E 3 U -
N S Bk At

where (7.16)

2
Uy = Ugk®(rn/Ta)’ s

and l';
g 3. Ta 1 ( )
— [1L+5Ing° = 1 1oL j
ra 20 ()W (&) ] K2 i

The distribution of potential Ur(r) in the case of the ordin-

ary Langmuir diode (4 = 0), is determined by the relation

. 2/3
;= <§a) .

=

- 338 -
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Tn the magnetron this also takes place at H Hy s

Up 2 o AW b

I D 2 =

-t T RTITE ] (7.18)

L

while for H > H:
U AW )\ 2
r_ I gl=t ~ L 7.
T % (1+f o ] (7.19)

The quantity QG Lt) in equations (718) and (7.,19) repre-

cents the ratio ?( W Lt) , while P( ) Lt) is the value of the
A lt)

series in formula (74130

The distribution of potential in the maznetron may be repre=
sented in simplev form as:
Uy r P

U, \%a (7.20)

The index p is here very close to unity. figure T.1 illus-
trates the various potential—distribution curves, calculated for
tubes with ra/rO = 0, 'hese curves are as follows:

l.?.ra..ﬁ__ (p=1).
r

a

2. Ur r \O0+7

T, \Ta (p = 0.9).
3. Y [x 2 2 AW ) Y
‘ ﬁ; = ?; (1 + i &)Lt —“) 1 for the

critical regime

! i
4 " ' i i
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Tt may apparently be considered with a sufficient degree of
accuracy that the distribution of potential is almost linear with

a full space charge in a cylindrical solid-anode magnetron, This

inference of Braude differs, however, from the results of Brillouin,

who gives the expression for distances far enough from the fila-

mmtho«rh

Zz
Ur) = roL 7 )
2e , which leads to
U 2
SRS .
Uy, \%a) - (7.21)

The origin of this divergence in the results of two very
interesting works, both of which start out from the same premises,
is in the respective treatment of the character of the electron-

paths by each of these authors.

Braude starts out from the idea of the ordinary electron-
caths of the type developed by Hull, which begin and end at the
cathode and have the shape of a cardiod. 'These calculations have
the result that if, in the absence of a space charge, the path of
the moving electron covers an anzle of 180°, this angle will in-
crease to 2700 if there is a Langmuir distribution of the space
charge, and to 3600 for a full space charge -- i.e. in that case
it will cover the entire circumference. Figure 7.2 shows the
electron-paths in these three different cases (a simple logarith-
mic distribution of the potential), the second to the Langmuir
distribution (corresponding to curve 7 of Figure 7.1), and the
third to the case of the full space charge, with p = 1 (curve

1 of Figure 7.1).

- 341 -
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Figure 7,2

Ihe pattern of electron motion is presented differently
from the Brillouin point of view. The Hull type path, on which
the electrons returﬁ to the cathode or describe a few loops on
the plane perpendicular to the axis of the system, does not in
his opinion correspond to the true situation, even if in their
calzculation the efrect of the space charge is taken into account
in the form we have just indicated. The fundamental principle
of his position is that the problem of electron motion through
the electrostatic and magnetic fields camnot be reduced to the
ordinary problems of mechanics. The existence of the Lorents
force, which has no analogue in mechanics, is here responsible
for specific difficulties, Brillouin brings in the Larmor the~
orem to overcome these difficulties. The fact that Hull-type
paths are observed on experimental models (the works of Kilgore
[L], Grechowa [5], cf. also infra, Paragraph 7,3) still cannot
Serve as a proof that they really exist., The point is that these
experiments are performed with the aid of a narrow electron beam
emitted by a slotted cathode of thé model or a very small spot

“ of. oxide -on a heated cathode. The electron path is rendered

CIA-RDP82-00039R000200090010-0 ¢
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visible either by filling the tube with gas (Kilgore) or by intro-
ducing some foreign substance into the interelectrode space (Grech-
owa uses fluorescent filaments), 1t is evident that in both these
cases the electron beam encounters condi.tions fundamentally differ-
ent from the real ones. The actual paths that appear probable on
the basis of the theovry developed by Brilloﬁin, are shown in Fig-
ure 7.3, where the cases A, B, ¢, and D correspond to increasing

values of the mamnetic [ield intensity. Bach path is determined

N

() (B) (¢ (D)

Fimure 7.3

by a ‘characteristic length" Ly, which according to Brillouin is
determined by the expression:

—
. - el
. r,\fj‘ﬁ—

or, approximately (7.22)

Ly o B)E

where I is the current in milliamperes per unit electrode length
reaching the anode, and H is the magnetic field intensity in oer-

sted. Geometrically LH corresponds to the length of the radius=-
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vector of the electron path, which this path intersects at an
angle of I /LL. Case (A) corresponds to & very weak magnet}ic
rield intensity and a very great 'LH §> Tge The electmon paths
ape easily bent, however, Case (B) represents the ézt't.h with a
somewhat greater magnetic field intensity. Here LH f,:; r, and
the electron impinges on the anode, describing a very consider=
able arc. Uase (¢) illustrates the situation when Ly « r, and
the electron reaches the anode only after several coavolutions
of the spiral, The Losical moal of this character of electron
motion is the critical repine depicted in fioure T.3d. Here LH
must be considered zero, for not a single electron impinges on
the anode, the spirals are developed into a set of circles, and
the entire space charge rotates around the cathode like the rotor

of an electric motor.

Tms, for H ) Hk the electron paths have the character of
circles, which may, perhaps, be to some extent analosous to the
above remarked occupation of the whole 3600 angle by the electron
path under the condition of the full space charge. According to
Brillouin, however, at H>/ H the radial component of electron
motion practically ceases to exist. .’l‘he density distribution of
the space charge is also directly connected with the shape of the
electron path. Here, too, the tyi0 authors we have mentioned reach
different solutions of this question. Without dwelling on the equa-
tions, we present only the graph of the distribution of the space
charge. Figure 7.l represents the relationships P = f(r/ry)s
according to Braude. Curve 1 gives the distribution of the den~

sity for the Langmuir diode (H = 0), i.e.

]

)

in]

(7.23)

=l
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Figure T.l

Curve 2 corresponds to the critical regime H =H . It will

be seen that a virtual cathode occurs near the cathode in both

cases, i.e, a considerable increase in the density of the space
charge. At H = H, in the magnetron, there is also a second vir-

tual cathode. This is around the anode, and with further increase

in H it is displaced within the tube and moves closer to the actual

cathode,

According to Brillouin, in correspondence with the distinc-

tive character of the electron paths, the space charge proves to be

p I
pCr)

y—f— —

Figure 7.5
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distributed according lo the law

Wy 4
‘ Q’) = Mm%y {4+ S (7.2L)
‘ P 27Te ré4
which gives the distribution curve plotted in fioure T.5. At
ereat distances from the filament, congtant density of the charge
is obtained, increasing 1o double around the cathode, Under the
! critical resime there is thus 2 ¢loud of electrons rotating around
the cathode and possessing uniform density'and coustant angular
velocity. This cloud rotates inside the anode like some Wsolid
pody". This wgolid electronic rotor", analogously to any other
] solid body, possesses & certain kinetic energy which according to

the calculations of Brillouin proves to be equal to

LI 11110107202 (7.25)
By comperison to other types of tubes this is a high

energy. Lv is an interesting fact that it depends on the applied
anode voltage (once assuming the critical conditions). If Ug =

= 10,000 volts, the energy stored up in the rotating space charge
amounts to 111l ergs = llll-lO'U joules per cm of electrode length.
A current of 10 milliamperes per 1 second against & resistance of
1111 ohms 1s sufficient to sustain it. On its conversion into high

frequency energys it can feed 2 1-kilowatt transmitter for 1077

second, These considerations, to some extent, reveal the reasons

for the high efficiency of the magnetron oscillator under the pulse

; regime.

#rom where is this energy - taken, and how is it subsequen tly

diffused? Assume that we first turn on the magnetic field H and

g
-1
1
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the plate current Uy, and then heat the filament. The electrons

it emlts create the newative charge §, which 1s located between

the electrodes, at the same time that the positive charge Q appears
on the plate. This positive charge ch;rge passes through the anode
battery, which imparts the eneray Qg accunulated in the magnetron,
Tf the filament heater is now turned on, the rotating space charge
that has been [ormed between cathode and plate continues to rotate
around the filament as long as there is still a magnetic rield, As
soon as this [ield is turned off, all the electrons "fall" onto the
plate, and the energy stored up in the rotating space charge is dis=-

seminated on the plate.

7.2 FTRST-ORDEL ELECTRONIC O3CILLATIONS IH THE MAGNDTHON

We now remind the reader that the term first-order electronic
oscillations means oscillations with a period determined, in rirst
approximation, by that of the electron "swing", By virtue of their
axial symmetry, first-order electronic oscillations may be defined
as "oscillations of radial type'". Calculation of the rotation time
of an electron, without allowing for the space charge, led [6], as

is commonly known, (cf. Chapter 3) to the formula

>\(OIT1)H(ergs) = 10,650 (7.26)

The examination in the same place (Chapter 3) of the radial

processes in the magnetron, by analogy to the retarding-field sys=-

tem, leads, -assuming rodir, to the relation

jku(cﬁ)ﬁ{ergé) ;'%B?MOQ | (7.27)

N it Py
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on the basis of a full space charge, Braude obtained for

the transit time

A = 0.G5c _ 1,BT
I e
™
which gives
%(mﬁ(ems) = 19,200 (7.28)

for the wavelength of the first-order oscillations,

A somewhat more general expression which covers various
distributions of potential and space charge is given there by
this author:

10,650
H = === -
A 1 _D (7.29)
2
where p characterizes the law of potential distribution in the
magnetron (cf. formula 7.20). ‘'lhe foregoing expression MAH =
- 19,200 is obtained if series (7.12) and (7,13) are taken with

ten members.

A still more general expression for the value of ;\ His
obtained by introducing the factor k, which accounts for the in-

fluence of the field at the cathode:

k=57, " g‘ro‘T < (7.30)

Obviously for B, = O we have k = O (the case of full space

charge) and for ¢ = O we have k=1 ( the case of absence of space

charge). It follows from expression (7.30) that the transit time

|A-RDP82.00039R000200090010-0
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i

depends on the factor k wiich must consequently also enter the
expression for the wavelenzth of the traveling oscillations

AH = 10,650 =K - (7.31)

for k = O this formula becomes formala (7.29), but is in-
applicable to the case k = 1, since il cives A H = 0 instead of
>\ H = 10,650, The point is that the distribution of potential
adopted is true only for k dz 1, i.e, for regimes close to iull
space charge, which are practically the most important. In spite
of its relatively narrow range of applicability, formula ( 7.31)
perimits us to allow through the parameter k for the influence of
the emission current and plate voltase on the wavelength. Thus,
with B # 0, an increase in emission current leads to a reduction
~of By and the parameter k, and consequently leads also to an in-

crease in wavelength, as has been experimentally confirmed.

On the questiom of the oriesin of electronic oscillations
in the magnetron Brillouin develops the following ideas, lHadial
cylindro-symmetric oscillations are d etermined by the natural
frequencies of the rotatine space charge. He considers these os-

cillations as the fundamental type, and calles them, in his term-

inology, gzero-order oscillations n = O (in the usually adopted
terms they would be first-order electronic oscillations). Any
cylindrical layer between r and r + dr must have the natural fre-

quency of oscillation ¢ (r) of zero (first) order

mz(r) 22 ('_OZL(:L + I'lé/ rh). (7-32)

. .
AR G i
Declassified in Part - Sanitized Copy Approved for Release 2012/04/0!

CIA-RDP82-00039R000200090010-0




Declassified in Part - Sanitized Copy Approved for Release 2012/04/0

Declassified in Part - Sanitized Cop

Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

Whence the natural frequency of the layers contiguous to
the filament is

W(r,) = 20 (7.321)

L’

while for layers distant from the filament (r ro) it is
6 = W\Z. (7.32")

Tt is evident that the oscillations of the space charpge as
a whole constitute a fairly complicated process that includes coup=
ling phenomena between the successive layers by virtue of the ne-
cessary conditions of continnity. The principal part of course is
played by the layers distant from the cathode. For this reason
the natural frequency of the space-charge oscillations may be con=
sidered equal to («Qﬂ? for a magnetron with a sufficiently fine
filament. This is likewise confirmed experimentally. Blewett and
flamo [7] studied a magnetron of the type shown in Figure 7,6, in
which the outer conductor of the concentric line serves as plate
and the inner conductor as cathode. They Lound that for the case
of oscillations with cylindrical symmetry, the space charge be-

haves like a medium with the dielectric permeability

wl[_

£ .&[1-2 (...) 1 (7.33)
w

ie. W = fd)ﬁ{g is the natural wavelength of this medium.

This formula may be obtained theoretically under the assump-

tion that r, << r.

Under critical conditions, when plate current is zero and

the magnetron is not using NC power, it represents a certain pure

CIA-RDP82-00039R000200090010-0
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reac tance

The situation becomes different when the masnetron is

operating close to the eritical conditions with the small plate
current Ta and is using & certain DC power IaUa from the plate

battery, which replaces the energy being given up to the rotating

charge to sustain the oscillation in the external circuit. In this

filament

transfoymer
g %)

'Signal ] 1
generato )

iy 4@1

4 To cathode Tuning disc

voltmeter of system

Pigure 7.6
case the internal impedance of the magnetron has

a real part K, which :

may be expressed as rollows for the case most important

sk, (m/ro)z—— (V"/m z

in practice

w .
Regarot wn =5 (|

(7.35)

G

o
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2
Here & = © r% (L, from formula 7,22) = ~ ZC“)L ;
° w4k (. e 2w Wi 18wW
2 L L " L

while s is a quantity characterizing the attenuation, The value of

. ra 2 r 2 -
R becomes negative for cos’ék—-) - (—1;9) < 0 and its absolute
o a

value may reach high levels when the denominator of expression (7.35)

is very small, i.e. when
YR

2 1y ‘ra . L
1 Q_z_.(wz_gw>>/‘ Vaw, = \==— ((»7*-2(»1*_)z 30
> O L - o (7.36)

(ne:{lectin;: the attenuation term is®d ). The latter condition leads
2l
el
to W = 20r W = (2 +2 — )2 4 . !
o Wy o L( 2 r‘g )¥, i.e. for ro« s to

o

the same result.,

The variation in the value of K as a function of G is
plotted in Figure 7.7, 1t will be noted tha:t the single-anode mag-
netron has a number of relatively narrow belts of negative resistance
for frequencies in the immediate neichborhood of C.)L'\f?. It should
also be noted that the actual resistance K does not become infinite
for W =W LN,E-, if a more precise and unwieldy expression, which

we shall not ¢ive here, is used instead of formula (7.35).

The physical meaning of the large number of regions of nega-
tive resistance is that the transit time in the mammetron may
reach values very different from the oscillation period T, In fact,

the maxima of negative active resistance occur:

for frequencies CO<QLVZ_’ at Wb = (on + )T « 1T0
and for frequencies (W >b) ‘E, at Ld't
L

It

2n + & M,

- 352 =
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W
For the most sharply expressed frequency E\J = W, 2 \FZ'.—)

g W 2we | 2LA0
o, - " o Herme
L AW Alen) feres

or

MW= 2Rd0 Aag000 (7.37)

Nz

may be obtained from the frequency relations
y:..@_,.-:ﬁ’2
w
L

which agrees more O less well with the experimentally observed

values of ;\ i for the single-anode magne tron.

The behavior of the rotating space-charge cloud is determined
with the first-order oscillations by the radial oscillations of this
¢cloud as a whole. kach of the cylindrical layers composing it is
simultaneously expanding and contracting throughout. This type of
motion -- pulsation of the clectronic cloud =-- corresponds to the
frequency G)E;E_ , which has nothing in common with the frequency

of rotatione

These are the ideas that exist at the present time on the
nature of the ~adial oscillations in the maenetron or of the first-
order electronic oscillations, There is no essential contradiction
between these two viewpoints. Tt is important to emphasize that
these oscillations are due to the existence of some mechanism of
axial symmetry. Tn this respect the caée here may be reduced to
the equivalent circuit of the'retardingwfield not only formally but
also when we allow for the most importanf physical peculiarities
of the phgnomenon. We have already set’forth, in Chapter IXI, the

fundamental jdea of such an equivalent retarding-field circuits:

Hligeys

CIA-RDP82-00039R000200090010-0
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naving the expression for Vs the radial velocit;y' of the elec-
4 tLron, we may then introduce the "equivalent potential" Upg O

responding to nis velocity:

vr=l\! 2 & Uy (7.36) P

To conclude {his section we ghall now demonstrate the
app).icubility of this equivalent substitution, as @ first approxi-
mation, to two questions: (a) determination of ‘the boundaries of
the region ol first~order oscillations, and (b) calculation of the

efiiciency.

Let us imagine the equivalent circurt to be excited within
the resions of variation of the “undismrbed“ transit angle 90

which are plotted in digure 6,32, Then by means of the expression

Lo L _ L ol Upd
8o = —rf%") = *"‘_‘j;"“’""‘ : —-"”’“U T (7.39)
o < Vo ¢} B

and the relations that characterize the transition from the parad-
meters of the mammetron to those of the equi.valent circult (cfo

Chapter A squations (3.39) to (3.,15), we may ob-

e
: tain the following expressions

1 .
: 8 Trer, (1 - y ©C
; a ”
e We s (7.10) ,
o - f
(et + k& - 1) 2200,
T ] ’
3 We recall that here k = H/Hgs 2 = 1in ;fa- , 00 =0~ —'L-ré—}i .
b o]

! | on introducing the value of Hy into expression (7.L0) and slightly

'bransforming it, we get
8 oLy 3 e H
h )4 10 (l 12 - ) (3

I

& i

—
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and,

0 (1 - I
Bk’ kAT?E)ATT;

6o(ct + K - 1)

(7.L1)

[«

The expression for constant )\H indicates its dependence

not only on tube reometry but also on the transit angle Soe

Moreover, if the regime 1s changed by the aid of one of the
paramelers, for instance, H, it may be observed that oscillations
arise in a certain interval of variation H around its critical value.
Let us determine this interval, starting with the variation of the
value of the region of oscillalion. We take L-'he first region in
Figpure 6,32, In ity 8 varies from 8,' = 6,28 to 8," = 9.0, with
the maximum at 85 = 7.56, Let us simplify formula (7.L0) by

sswing that vy €8Ta; which leads us to

al?uo-_sQ \
Qé Xk e 8"

Let us take the value for Hk which is obtained by formila
(7.41) for ry K r, and 8, = 7,56, and which proves to be equal to

H = 11,300,

U, (o)
1600
1300
1000
700

400 . J

! 300 1,00 Soo 600

Figure 7.8
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Then

Thence, Knowing the values of 90‘ and GO", we find the houndary

value of k
w¥100 and K % 0.92 (7.L3)

i€ first-order oscillations orieinate in the region within which
the intensity of the masnetic rield varies from N.92 Hk to 1.10 Hk'
he expeﬁimentally observed oscillation resion extends insignificant-
ly, in fact, on both sides of the critical value Hk. f'igure 7.8
shows the experimentally observed region (shaded), together with its
poundaries (thg broken lines) as computed theoretically by formula

(7.L3) (61.

The second question concerns the calculation of the power and
efficiency of a magnetron under the regime of radial oscillations.
Tn the laboratory of the author, 1.7, Vassermall, using the idea of
the equivalent retarding-ficld circuit, has calculated the power
iMemﬂ_hxamumM‘QMJw m'mw;meSWamdinPwmw@hB,
Chapter IV. Without adducing the calculations themselves, which are
fairly involved, Wwe shall merely indicate their results. The power !
developed under the regime of first-order oscillations proves to be |

equal to

%

.3 2 , L
3Ida prav ) T

2%
which reduces for the first excitation region (n =1), assum.ng

(7.44)

that ro<3<ra reduces Lo

P 0.12 I.U., consequently, N~ 0.12. (7.L5 )

Declassified i it
in Part - Sanitized Copy Approved for Release 2012/04/0

CIA-RDP82-00039R000200090010-0




Declassified in Part - Sanitized Cop

Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

The value obtained here for the efficiency 18 satisfactory
in agreement with the experimental data, according te which first
order oscillations are characterized by efticiencies ranging from
5% Lo 104, The curious fact may be noted that by virtue of the
relation (7.L) the maximum oscillatory power for the given tube
peometry and the given Ua should be obtained at the minimum value
assumed for H, namely at k = 0,92, This inference agrees well
with the ideas of Brillouin on the energetic balance of radial

oscillations which have been set [orth above.

We observe in conclusion that first-order electronic 0s=
cillations, (radial oscillations), while they are the typical
and only mode of oscillation by a mapnetron with solid cylindrical
anode, may also be obtained in a maltisegment magnetron with any
number of segments, if under regimes near the critical, any
padial-nonstaticnary" processes should arise that might lead to
the excitation and maintenance of oscillation in the tuned circuit

connected to it.

7.3 MAGNETHONS WITH MULTISEGMENT ANODES OF ELECTROST

REGIME

The most widespread magnetron design at the present time is
the magnetron with a Ugplit anode" or multisegment magnetron, An
even nuiber of segments is generally used, and their number is
characterized by p, the number of pairs of slots. In‘practice,
p=1landp=2, i.e. the two-segment and four-segment magnetrons,
are most often met, In recent years, the employment of multiseg-
ment magnetrons characterized by P = L - 10 has been gaining more

and more ground in the field of centimeter waves.

- 357 -
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The osclllatory circult is connected to the multisesment
maenetron elther by dividing the segments into two groups, across
which the circuit is connected (cf. Ffigure 7.1,9, infra), or con-
necting a circuit in the form of a small caviiy or cell across each
palr of adjacent segments (the multicell narmetrons, ci, igure
7.51). ‘'lhe main distinction between the multisemment and the
solld-anode masnetlrons is in the character of the electrostatic
field between the electrodes and the peculiarities of electron
motion thereby conditioned. ‘he fact of the matter is that upon
the ordinary radial electrostatic field of the diode is super-
posed another field produced by the potential difference between
the segments of the anode, If we imarine (Fimure 7,9) the mag-
netron anode (p = 1) to be split in the direction of the x-axis
and set the voltage Ul = UO +* [}l} for the supper semment and the
voltage U = Uy = AU for the lower, then the distribution of po-
tential in the field between the serments will be described by the

equation

20U 2vry 716
Upp = 5t arctan :2—:-?2—:;;5 - 340U, (7.L6)

The equipotential lines of this "transverse" field are the
circles d scribed by the ejuation
x° + (y - 0)2 = raz » P (7.07)

where C is the parameter of the family of these circles equal to

(7.18)
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At each point of the interelectrode space, besides the
nypansverse" electrostatic field, there also exists a radial one, |

which without allowing for the space charge, is of the usual log~-

U, = 500 volts

U = 250 volts

H = 775 oersteds

; r, = 2,0 mm

figure T.9

arithmic character, gince the anode as a whole possesses the poten=-
tial UO with respect to the cathode. The electrostatic field that
actually exists in the tube is the result of the addition of these
two fields, The equipotential surfaces of the radial and transverse
fields are shown in Pigure 79 The total field attained in the
split-anode magnetron has a fairly complex structure, and an idea

of it may be obtained either graphically, by addition of the corres-
ponding vectors of transverse andradial field at each point of the 3

interelectrode space, O experimentally. !

In the latler case the study of electrostatic field is con-
ducted by means of one of the well-developed methods, which have

been described in the .literature in detail, involving the use of

considerably enlarged models of magnetrons. = The very widespread

i

iw'P%%ﬁ . 3 ‘
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"electrolytic bath method" [9, 10] and the "compensated sounding

method" [11] are successfully employed., We shall notl dwell here
-

on the description of these very well-known methods which are

widely employed in the solution of many problems of geone trical

electron~optics.,

We turn now to the examination of some of the results of the
investigations of the electrostatic fields of multisegment magnetrons
under different conditions of opera'ion and with a varying number
of serments, Let us commence with the two-semment magnetron, Fig=
ure 7,10 shows the e-uipotential lines of the electrostatic field
in a two-segment magnetron, according to the .easurements of Grog=
kowski and Hyiko [11] made by the "compensated sounding method",

The fipure represents the fields for four regimes characterized by

5(8u\'€al 1.10

a varying degree of electrostatic asymmetry, i.e. with varying

values of AU:




Declassified in Part - Sanitized Cop

field a U

i

500 volts A U= 50 volts

field b U 500 volts AU = 100 volts

field c Us

u

500 volts AU = 150 volts

Field d U. = 500 volts AU = 200 volts

i

We direct attention to the following fact. - One of the equi-
potential lines of the field, corresponding to the potential Up
of the less positive segment, approaches the latter, according to
this firure, at an acute angle (the line M50 in i'igure 7,10a and
the line "00" in Iigure 7.10b), or even al an anrle of almost zero
(the line 350" in Fipure 7.10c or the line n300" in Figure 7.10d).
Lukoshkov and Il'inskiy, however, (121, noted that, in all cases
where the potential of a field depends only on two coordinates, two
equipotential lines of the sane potential should intersect at a
right angle, In the light of this remark, the course of the equi-
potential lines in the region of the less positive segment, as
shown in Figure 7,10, appears doubtful, though some authors have
used analogous field charts to study electron paths. This error

was apparently the result of a not particularly careful study of

Figure 7.1l

- 361 -
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that resion of the rield in the neienborhoed of the lowes;t—-‘poten’bial
segment., The mutually per‘pandicu‘.Lar- intersection of lines at the
sane poten'tial wnay serve as a criterion of the dezree of suitability
of the rield chart for further use, for instance in plotiing the

clectron paths.

We present Figure 7.11 @8 an example of a field chart that
is free [rom this errolrs Tnis chart 18 taken from & work of Kats-
man and Rubina (131, and is clear without special commentaries. At~
tention should be paid to the behavior ol the equipotential lines
of the less positive segment, and they should be compared with the

corresponding lines in Fisure .10

With inereasing nwiber of segments, the character of the
electrostatic field in the magnetron naturally changes, since the
geometrical relation of the zones of ‘he transverse and radial
fields also changes. A few examples of the fields in four-seg-
ment magnetrons are given 1in Figures 7,12, T.13 and T.Lb. Fioure

7.12 is borrowed from the book of Gross (1L], Figure 7,13 from the

CIA-RDP82-00039R000200090010-0
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of the equipotential line
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to the potential of th
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28] in our laboratory.

Figure 7.13
The character of the electrostatic field as the number of
be seen from the series of draw-

om the same works,

s further increased may

igures 7,15 to 7.17, teken fr
teen segments re-

segments 1

ings represented in I

and covering magnetrons with eight, twelve and six
2t the same values for the degree of asymmetry o =AU/UO,
the value of the intersegmental potential differ-

s

spectively,

which characterizes

trostatic fields of multisegment
distribution of poten-

ences.
the maximum

From this survey of the elec
magnetrons it will be seen that the logarithmic
£ the diode, experiences

magne tron, since there is

tial, which is characteristic o
tion in the two-segment

amount of distor
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a transverse field throughout the whole of the interelectrode space.
Only around the cathode itself may equipotential lines of true cir-
cular shape be seen, As the number of segments increases, the zone

of the undisturbed radial tield near the cathode becomes more and

Figure 7.1L

more noticeable, and the space in which the "transverse" interseg-
mental field operates is diminished, reducing to an external ring
directly adjoining the anode. The depth of this external zone de-
pends on the degree of asymmetry and the potential difference be-

tween the segments.

Fipgure 7.15

- 36 -
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Thus for & considerable nanber of segments the distribution
of the electrostatic field approaches that in the solid-ancde Mag-
netron, especially at small intersemmental potential differences.

This circumstance is very essential in the investigation of the

figure 7.16

peculiarities in the behavior of multiseqment magnetrons under 0S=

cillatory resimes.

These peculiarities of field distribution in the slotted mag-

netron result in a considerably more complex electron motion than

: Figure 7,17
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oblains in the solid-anode magnetron, The critical conditions, and
bhe course of the I, = H characteristic corresponding thereto, which
have already been considered, supra, acquire to some extent a con-
ventional meanins, since in the presence of a certain interseemental
potential difference 2/ U, there may be a situation in which H <:Hk
] for one eroup of serments (the more positive ones) at the same time
that, Lor the other group, H :; Hk‘ For this reason the convention
must be adopted that the concept of critical intensity of the mag=-
netic field relates to a certain fictitious solid-ancde magnetron

of the same radius and havins a plate voltage equal to the mean of

the actual sesment voltages: U. = Up 4 Up Experience has shown
0T T

that when Uy # U2 and at corresponding values for magnetic field

Figure 7,18

intensity, areas with a negative slope are observed in the static
characteristic curve depending on the intersegmental voltage dif-
ference Uy = Uy = 2[& U. This phenomenon evidences the production
of a negative resistance in the corresponding ‘intervals of the re-
gime, which resistance mgj be uséd to.ekcite the circuit., If the

magnetron has an even number of segments, interconnected in two

e S
Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-
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¢ connected, &8 15 most

illatory cireuit i

Aroups, to which the os¢
fhen in the circnit diasram (Figure 7,18) we have

often the caseé,
to do with: (a) the currents ial and iaz on the individual seq-
whi.ch

cﬂwnhwwms,uﬂ'metomlcmwwtiw_+iﬂ,

e of DC pl

wents or 8
and (c) the current

mutual trans-~

ate voltage,

tLOwWS through the sourc
dilrerences Ai =13, - igoe sectors with nezative
conductance appear in ‘the characteristics of the individual plate=
currents i 1 i12 = f(l& U) and in the difUerence-characteristic
al’ @

Ai=f(A U)- ¥

iigure 7.18, the difference

or the ordinary circuit connections shown in

tic plays the principal parts.

—characteris

If the circuit, however, is connected between cathode and one of
the segments, then the falling sector in the curren’t flowing on the
given secment May be the interesting one., ouch @ one-sided connect-
jon of the oscillatory circult, nowever, i8 hardly ever used, and

esented bY

of the slotted magne U

Ai = £(BU).

ron 1s ordinarily repr

the behavior

the difference characteristic The typical course of
this charaoteristic, with & well—defined gector of necative resist-
sure .19, in which 1ikewise the oharacteristic

s been plotted,

shown in Fi
on diagram

ance, 18

+ 1 ha and & skelel
a2

cluded. Charac-

of total current 1,
al
se characteris

e very typic

for taking the tics has also been in
a1 for two- and four-segment

teristics of this shape ar
magnetrons, in which the sector of negative slope very distinctly
appears, and as a rule is displaced with increasing H towards the
region of high Avu., It is of interest o note that with increasing number
of segments, {he falling sector of the difference—characteristic becomes
1ess sharply expressed, and at p%} 6 (a twelve—segment magnetron) dis-
aw&maﬂmﬂmn %ummmydmﬂm%mwtmmwmmisﬂh&
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100 200300 10O 500/.600 700 600

200

gure 7.19

trated by the series of fisures from 7,20 to 7.23, relating respect-
ively to 8-, 12-, 16~ and 20-sesment magnetrons [8]. Together with
the diminution and disappearance of the falling sector of the differ-
ence characteristic, a reduction in its slope is also observed with g

4 ; increasing intensity of the applied magnetic field.

The part played by the current difference in slotted magnetrons
may be likened to that of the plate current in the ordinary oscillator
A . : tube: and in fact, a comparison of the slotted magnetron with the

|
; “triode oscillator reveals the following: %

WEEE S (a) the phase relation'bétWeen i, and U, required to sustain
e ) ; ! a a T€q

oscillation in 7.2l a

the cifcuit oﬁ‘the-friode oscillator (Figure

i
i
[
i
{

o ;
CIA-RDP82-00039R000200090010-0
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and b) is produced by the feedback mechanism that is responsible

o

for the dynamic falling characteristiic i, =f(Ug) (Fimure 7.20e),

p=L, U, = 500 volis, d, = 10 mm

L
MA /i, = 1.0 1.6 2,6 3.8
00)1.
0,2
U
50 100 150 200 250 volts
-0,2
~0.l1

MLeure 7.20

Thanks to this the triode may be treated as a certain negative re-

sistance connected in parallel with the oscillatory circuits

(b) passing now to the magnetron (FMiure 7.25a), which has

no special feedback mechanism, we note that the role of 1 and Ua

in the triode oscillator is here played instead by the correspond-
ing quantities AiamiZAU,MeCWMWMmtEWWHWqummﬂm
in a Fallinz characteristic even uuder static conditions (IFigure
7.25b), By virtue of this, the mametron, in the circuit under con-
sideration, may also be represented as a negative resistance con-

nected in parallel with the oscillatory circuit,

A R (2 f
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p =6, Ugy = 500 volts, dy = 10 mm

mh /M, =1 2.6 3.8

-0,2 '
50 100 150 230 250 volts

firure .21

What, now, is the physical nature of the static negalive

resistance 1s found in slotted magnetrons?

p =28, Uy = 500 volts, dy = 10 nun
mA H/Hl=l.2 2.0 3.0 3.8
<
0.6
0.l
0.2
»mﬁﬁ,_ﬂﬁw,m«“wm—»m~m~~«ww~w“v U
50 100 150 200 250 volls

rignre 7.22

Since it originates as a resalt of a large number of elec-
Lrons impinging on {the less positive sepment, 1t is natural that
we should seek 1ts cause in ‘the peculiarities of electron motion
in the slotted magnetron, and there have been & considerable number
of both theoretical and experimental studies devoted to this ques-

vion [, 5, 12, 13, 15-171.

Let us consider, for instance, the electron path depicted in

Figure 7.9, It may be noted. that the electron, leaving the cathode

e R
Release 2012/04/0
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p = 10, Ugy = 500 voltsy dg = 10 mm

\ wh | H/H=Le?2 1.9 30 3.8

Avu

50 100 150 200 250 volts

icure T.23

at point C, and travelins towards the side of the 'more positive"
sepment, impinges under the influence of the electrostatic and mag-
netic fields in- the {ube, on the'less positive" segment of the
anode (the dimensions anl voltage, topether with the value of the
masnetic (ield intensitlty, are entered on the diagrem), In passing
from the field of the more positive anode segment into the region

of the field of the less positive segment, the electron undergoes

La} T

]

(a) (v) (c)

figure 7.2l

a certain retardation in the transverse field, which is most

sharply expressed on the planepf the slots and especially in the

% vicinity of the slots. On account of this retardation and the

Declassifi i - it A ) :
ified in Part - Sanitized Copy Approved for Release 2012/04/0 CIA-RDP82-00039R00020(-)09001‘O O o




Declassified in Part - Sanitized Cop

A
pproved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

altendant loss of cinetic energy of tangential movement, the elec-

tron path pends outward more OF less sharply and approaches ithe

positive segment still wmore closely, 0l timately impin:ihg on it,

1L/

AV

i

fipure 7.25
Study of electron moticn in slotted magnetrons by the aid of
graphic analylic methods (12, 13] is able to show that the electron

paths are of fairly complicated form and possess & considerable num=

per of 1oops, especially at ni.#h magetic rield intensities where
H :> Hk' 1f we plot tlhe paths of clectrons leaving the cathode at

various ansles to the plane of the slots, we find that most of the

electrons in the re *imes corresponding to the formation of negative

resistance, describe a number of loops and then enter the zone of

the less positive segments. (Fimure 7.26). Loop formation is here

i chserved to be even more frequently repeated and leads to a longer

time being spent by the electrons in this zone and to the formation,
as some authors pub it [15] of a kxind of nglectronic sack'e In the
: region of this tsack" the electrostatic field is weakened, and the

ost om ‘the same spot and

electrons impinging on it will rotate alm

slowly travel towards the less positive segment. Owing to the pre-

sence of forces of mutual repulsion, & certain equilibrium of motion

ied i - Saniti
in Part - Sanitized Copy Approved for Release 2012/04/0

CIA-RDP82-00039R000200090010-0




Declassified in Part - Sanitized Copy Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

18 established, under which some electrons leave the "sack" and
are replaced by new ones enterineg it; The electrons expelled
from the "sack" will mostly impinse on the nearer half of the
anode with the lower potential, In cases where the electron path
describes a relatively small nwmber of loops, it may be plotted
as far as the direct impingement of the electron on one segment
or another. And in this case the trace of a series of paths for
the electrons leavinz the filament in‘different directions (e.g.
Katsman and Rubina [13] took 8 exit directions of the electrons
for each IV /L), indicates that a large number of electrons will

impinge on the less positive semment, In this way the mechanism

Figure 7.26

of static negative resistance may be explained as theresult of the

electrons! impinging primarily on the less positive segment,

Graphoanalytic study of the electron tracks undertaken with-
out allowing for the space charge, leads to the following: at H:} Hy,

the tracks form loop-like curves, and the diameters of their loops

CIA-RDP82-00059R00020009001 0-0 =
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diminishes as U increases, Ihe motivn of the electron consiuls of
two components: @ protary motion around the loop and a wgranslatory"
motion along directrix of that loop, superimposed on the first com=
ponent, The translatory motion is approximately along ‘the equi=

potential lines. A number of characteristic examples are siven in

Fioure 7,27 and 7.28 to 1llustrate these theses,

The effect of the space-charge may be accounted for, in first
approximation, &S follows: the electrostatic field oi the slotted
ma-netron is pepresented as the aggrepgate of a radial ield of poten-
tial pr portional Lo the 2/3 power of the cadius (Langmuir diode)
and an interseimental transverse field. ‘The vesultant field in this
case should correspond better to reality., The electron tracks
plotted in a field obtained in Liis manner under & regime corres-
ponding to digure 7.27 (where the space charge is not allowed for)

are represented in Figure T.29.

)
Ac=-10%

Figure T.27

On comparing these two diagrams we see. that in the general. charac-
ter of the electron motion is qpalitatively the siae, but that they
do not impinge on the .anode under this regime, Only when there 1s

a certain reduction in magnetic field intensity do they again com-

A
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roved for Release 2012//0
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mence to impinze on the less positive segment, Thus, other things

beint equal, the effect of the space charge mani fests itself already
in First approximation in a tendency lo form & ring movement along

the directrix, which probably mwwsupewnnmmstOmﬂyumMr

actual conditions,

A1l the data presented relate to a two-semment maznetron,

The study of electron motion in masneirons with a larger number

A = 50%

iigure 7.28

of segments is a very interesting and importlant problem, but un-

rortunately there is hardly any mterial about it in the litera-
alytic method to the four-

ture. The application of the grapho-an

/

s
r

e
A - Lo
. Figure T.29
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pwmsoftm:ﬂmamamcmm s may be

[28].

seegment masnelron yields
illustrated by Firure 7.30

As the nunber of segnents 1s incr:ased, the character of

electron molion will be defined more and morc by pinz-shaped tra=-
jectories. The nature of the electrostatic field of multisegment
magnetrons, a8 We have seen, becomes similar to.that of the un-
slolted, solid mametron, and ab H :> Hk’ ihe electron path may be
roughly represented in the form shown by Pioure 7031, on which the

tron in an unslotted magnetron in the pre-

trajectory of an elec

sence of a Langmuir distribution of potential, is represented.
Brillouin's idea [1] of the character of electron motion in the mag-
netron, with which idea we have become previously acquainted, is
apparently also applicable to the case of slotted marmnelrons es-

pecially the multiserment onese.

Our knowledge of the digtribution of electrons among the masg=
netron sezments enables us theoretically to construct the static
characteristic of that tube, This may be done by the simplest method
as follows: having N trajectories plotted for ecach rerime, We deter-

ending with the most positive

mine the number of trajectories nl,

H‘ - i,i “K\(
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sezment, and the mumber of trajectories N, ending with the least
positive semient, Then ny +n, = N, We represent the quantities
0y and n2 as beinz proportional to the currents il and i2 on the
corresponding sesments, assumine that N corresponds 1o the total

emission current. On the basis of the values for 11 and 12 ob~

tained in this woy, the static characteristic is plotted (137,

The static characteristics may also be calculated theoretic-
ally by a somewhat different method [lé] from the motion and dis-
tribution of the electrons. o overcome the éomputational diffi~
culties, the electrodes are nstretched out" and represented in the
form of long parallel plates (#ieure 7.32). lhe lower solid plate
represents the cathode that emits the elactrons, which in the given

case describe a cycloidal path with maximum distance

S,
a=\2™ U and length b =TT a.
H e
Since the path of an elsctron in a cylindrical tube covers
a 270° angle (cf. Parazraph 7.1}, we must put the length of the
)
equivalent plane of the system as equal to ﬁ = % T a, The equi-

valent systems replacing the two- and four-segment magnetrons, the

electron paths in them, and the lines of force of the additional

electrostatic field obtained as a result of the plate-segment poten-

tial differences , are represented in Figure 7.32 a and b, It is

§
{

plainly noticeable here that the additional field produced by the

potential difference between the segments and the corresponding

nypansverse! field of the ordinary cylindrical magnetron is per-
ceptible throughout almost the entire interelectrode space in the
two-segment magnetron; while in the four-segment magnetron it is
only noticeabLe in’ the neighborhood of‘the anodes. We have already 1

seen an analogousbpicture‘in the case of cylindrical designs (Fig=

i )
i W
r
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0°  90°  180°
WPoure 7.32

are 7.11 = 1.17). This circumstance, confirmed by calculation, rives

reason for considering that in practice the electron traverses the

rirst part of its field (from 1/3 to 1/2, in the casevof the four-

nce of the stationary radial

segment maznetron) only under the influe

field,

Let us now examine the sotion of the electrons in this "de-
veloped! model. Assuming that the critical magneilc field has been g
selected so that the electrons only touch the anodes, we obtain the

4 . trajectories plotted in fioure 7.32. The point of tangency of

; anode A' must obviously be 135° along the horimontal axis away from :

the point of departure, in the absence of a transverse field. ;

In the presence of a transverse field, however, the points

] : of tangency are displaced in one direction or the other, according i
i

to the electron's point of departure. The trajectories beginning i

at 0° to 90°rarevdi5placed somewhat toward the right, and those be-

giming at 90° to 180° somewhat to the leff (Figure 7.33)e. The

F«g'u rb'7.35

ized Copy Approved for Release 2012/04/0!
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letters A, B, C, and D with the sian ' on this diagram desisnate
the points ol tanmency in the absence ol a transverse field, and

with the sign ", in the presence of such field,. Settinz the dis- ‘
Ux = UO;;: + A “]'3 sin ™ y, (7.49)

tribution of potential according to formula (7.49), where X = %_,
a .

with y measured along the cathode, the theoretical diflerence~ ‘

characteristic for the two-seoment magnetron may be obtained from

a consideration of equations of motion of the electron. irds

characteristic is shown by the heavy line in Figure 7.3Lh. In the

real characteristic, the jump in the curve has a final slope trans-

conductance (the fine line), In the four-sesment masznetron a wider

interval of negative resistance along the axis Zﬁ U is obtained by

this method, thanks to which a greater amplitude may be assumed for

the oscillatory voltaze, The motion of electrons in the four-seg-

ment marmetron and the characteristics obtained for it are repre-

sented in Fimure 7.35, which may be followed without special com=-

mentary.

To illustrate the concept of the critical regime in its
application to the slotted macnetron, we present in figure 7.36 a ;
/ ‘ Family of current characteristic for il from a pair of segments
of a four-segment magnetron, taken at various values of H. Along=-
side of it the characteristic of the maznetron itself is given.
The gradual transition from one curve to another is clearly shown ]
in this diagram, as is the formation of the falling sectors, The
widening pocket in the current curve as the magnetic field inten-

sity increases is worthwhile noticing and is particularly plain

at 0 = 800 oersteds. The nature of the pocket is clear: for

- 379 -
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H :7 Hk’ a hizh enoich AU is necessary if the electrons are to

Corresponding to these re-

be forced all the way Lo the anode.

gimes, f{alling sectors of the diversity characteristic are like-

wise obtained only at considerable values of A U,

Thus, the question o the orizin of the static nezative re-

sistance in a magnetron may be solved with more or less accuracy

by a purely theoretical method, and such resistance may even be
quantitatively estimated to a certain extent, The direct experi~

nental investigation of elnctron motion in a split magnetron is of

no less interest, For this purpose specially designed magnetron

models are usually employed, Such models have cathodes emitting

a narrow electron beam in a definite direction. The trajectory
of the electron beam may be demonstrated by filling the model with

some inert gas, for instance argon, under pressurc of a few microns.

Owing to the ionization of the gZas the entire path of the electron
‘ stream then becomes visible. The trajectories that Kilgor [L] ob-

served by this method proved qualitatively identical with those

considered above (Firgure 7.26-7.31). A very substantial objection,

however, may be raised against the adequacy of this method of ob-

serving electron paths: the model 1s filled with gas at a fairly

high pressure; and the presence of the gas and of positive ions

substantially modifies the conditions of electron motion, and SO

nothing more than a very remote qualitative agreement with the tra=-

jectories obtained without allowing for the space charge can be ex=

pected from this method,

The influence of the gas may be eliminated by investigating

electron motioh in a magnetron model at high vaéuum. The work of

“ﬁﬁ%& ‘ . .
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Grechowa [5] is an example of this method, The cathode of her
model emitted a narrow beam of elecctrons, The inside surface of
the anode was coated with a thin layer of fluorescent substance,
thanks to which the electron beam emitted from the cathode Formed
a visible brisht spot about 1 mm in diameter on the anode surface.
In this way the initial point, initial direction and end point of

the trajectory could be determined,. The course of thoe trajectory

was approximately delermined by these data, She used a more com-

plicated model (Figure 7.37) to observe the intermediate points of
K2 when
the electron may describe a number of loops, She kept the glass

the trajectory, which are of particular interest for H 7 H

framework [ramochki] a1y 29, 53 carrying thin glass threads coated
with a fluorescent substance, between cathode and anode. By rotat-
ing the system of frames with the threads, by using a special slide,
the behavior of the electron trajectory in the interelectrode space
could be observed., For a certain "development! of the trajectory
to assure its more convenient observation, the magnetic field could
be applied at various angles and axes of the model. The trajectory
then took the form of a helix, drawn out alone the line of the
cathode., The detailed study of these models also extended to the
form of the trajectories, which were in good asreement with those
discussed above (Figures 7,26 to 7.31). It developed in the course
of this work that the trajectories of simplest form correspond to
the four-segment magnetron, by virtue of which the incidence of the
electrons on the less positive segment is facilitated and the inter-
val of negative resistance lengthened, The eccentric location of
the cathode between the segments of the anode also leads to the same

results,

) (R{‘
i i M 7 :
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In concludine the present section, we shall dwell on the
role of the secondary emission in the behavior of slotted magnetrons.
aroszkowski [18] has coustructed an electron tube with a solid cylin-
drical anode and a "grid" consisting of rectangular plates located
along the tube at a certain angle to the radius (Figure 7.38). 1his
tube, connected in the circuit of Figure 7.39, is placed in an axial
magnetic field. Thanks to the original design of the grid, the
current characteristics i, and ig, depending on ip, assume & non-
symaetrical character (Fisure 7.140). When the direction of the
magnetic field is chanmed, the electrons either pass between the
clements of the grid or impinge on them, as is shown in the lower

part of Figure 7.L0. Electrons that impinge on the grid at small

e t L . i ":‘(1 : g :
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i

an=les provoke a secondary emission from it, The external mag-

netic field is so chosen as to establish certain critical relations
between plate voltage and secondary grid current, with the electrons
colliding almost tangentially with the prid plates (Figure 7.41)

and producing a considerable secoddary current, With increasing
plate voltage the number of electrons passine throuch the grid with-
out grazing it also increases, but the secondary emlsslon current
falls, which involves a general reduction in plate current, It is
clear that this will occur only on condition that the secondary
emission from the arid exceeds the current (rom the electrons im=-
pinsing on it. By makine the electrodes of the tube out of meckel,
Groszkowski succeeded in obtaining a falling characteristic with a

nezative resistance of the order of 5000 ohms,

: m
, T
' | ' @%

figure 7,39

nitiyl
| A2 L)

The Grosgkowski triode just described represents a peculiar

form of dynatron, in which, thanks to the application of a magnetic

"
field, a falling sector of the plate chara&éristic is obtained, How-

ever the phenomenon of a secondary emission i1s also found in the
{ operation of ordinary slotted magnetrons and determines a good many
peculiarities of their behavior, which are by no means without in-

i terest.

- 38l -
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The rese;rches performed in our laboratory by (i, M, Gershteyn
[19, 20] led to the discovery of a secondary emission effect in
ordinary slotted magnetrons, especially in the multisegment types,
It was noted that at certain values of the magnetic field and in=-
tersegment potentinl difference, the number of secondary electrons
i . leaving the surface of the less positive sesments exceeds the num-
ber -of primary electrons, in consequence of which the plate current

ia2 reverses its direction,

The relations obtained between the plate current and the value i
of the magnetic field are presented in Figure 7.42, a and b, 'The
situation would appear to be much as follows: the electron streamn,
when it bombards the surface of the less positive segments, causes i
them to emit secondary electrons, which, if the potential difference

3 i between adjoining segments is great enough, 1mp1n e on the more

= f positive segments, In ‘the absence of a magnetic fleld the discharge

of secondary electrons due to the normal 1nc1dence of primary elec-

trons on the anode, surfaceo 1s extremely sllght “With the appear—

CIA-RD82-00039R00020009001 0-0 |
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{ ance of the magnetic field, however, the angle of incidence in-

creases, thus encouraging the growth of the coefficient of second=

ary emission. The most favorable conditions are created in the

neizhborhood of the critical recime, which produces & maximum of

1 i current in the opposite direction at magnetic field intensities
close to the critical ones, The phenomenon ol secondary emission

' was correlated with the above-mentioned variation in the course of
the static characteristics of multisement magnetrons with ine
creasing number of sements, The appearance of secondary current
proved to diminish the falling sector of the static characteristic.
1f it is taken into consideration that an nactive! secondary effect
can be obtained only from a certain part of the less positive seg-
ment which is subject to the direct action of the adjoining segment
and is characteriged by the coefficierfl 7 (its role is clear from
Figure 7.143), while é increases with the increasing mumber ol seg-
ments, it follows necessarily that the inlluence of the secondary
effect must be greater in multisesuent magnetrons. This circum-
stance may be explained, to a certain extent, Dy the above-described
reduction in the falling sector in multisegment magnetrons. The
attempts at quantitative computation male by G. M. Gershteyn for

i two- and four-segment magnetrons apparently justify this point of

view,

7.l BLECTRONIC OSCILLATIONS OF WHIGHER OHDELS" (TAN-

GENTIAL OSCILLATOKY PROCESSES) IN THE MAGNETRON

We have already made the acquaintance of the classification

of magnetron oscillation typés connected with flizht conditions

tinguishes radial oscillatory processes, OT first-order oscillations,

1

|

‘a

|

%

(Chapter IIT, Paragraph 2, and Chapter VII, paragraph 2). It dis- ;‘
1\
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and tansential oscillatory processes, O higher order oscillations.
These terms can hardly be called satisfactory, but we are using them
since they are universally employed and there are still no particular
objections against them., These two types of oscillation are con-
nected with the manifestation of electron inertia and are externally
characterized by the fact that they arise ihdependently of the pre-
sence of static negative resistance, which, as we have already shown,

occurs under certain regimes in the slotted magnetron. We observe

- 388 -
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that electronic oscillations of higher order likewise occur in

the slotted masnetron,

Another type of oscillation, which is similarly observed
only in slotted maenetrons, is obtained on excitation ol a cir-
cuit comnected to the magnetron takinsz place on account of the
static falling characteristic., The character of the stationary
movement oi the elecirons plays a large part in the creation of such
characteristics, as we have seenj but transit time, or to put it
better, the time taken by the electron to go around a single loop
of its trajectory, has absolutely no significance in this connect-
ion, since it is very suall in comparison with the oscillation
period, This time of revolution should not, of course, be coniused
witih the total time spent by the electron between cathode and anode,
which may be very considerable, owing to the complicated nature of
the trajectory. The conditions for excitation of oscillation of this
type may thus be brielly formulated as follows (by analogy to section
(Lel):

Staetic nesative resistance of magnetron {S L/RC,

where L, R and C are the parameters of the comnected circuit; and

travel time of electron around a 1oop . 0
oscillation period ~ O,

Tnis type of oscillation, to which the term "dynatronic® has
very unfortunately been assigned, occurs relatively seldom in the
generation of the shortest waves, but plays no small part in magne-
tron operation in the upper part of the decimeter bands ( 7\:> 25-30
cm), By virtue of the fact that the oscillatory properties of a

system are determined, in the given case, by the static characteristic

_389_
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it is possible to carry the theory of "dynatronic" oscillations to
the stage of technical computation, similar to that for the ordinary

oscillator tube,

The wavelength regions and regimes embraced by these oscilla-

tion types may be illustrated as follows, Figure 7.Ll shows the

regions of the sevéral oscillation types for two- and four-segment

magnetrons., It will be seen from these graphs that there is a
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smooth transition between the reszion of higher-order electronic
oscillations and that of dynatronic oscillations., 1The boundary

between them is in fact essentially arbitrary, and it is of
course impossible to indicate very'confidently just where the os-
cillatory process begins to be determined by the properties of the

falling static characteristic.

Tn light of these considerations on the regimes of higher-

order electronic oscillations, it would be logical to designate
ed by relatively low integers n,

such resimes as may be characteriz

by their norder of oscillation®

W
n= .’-—"'H (7.50)
W

where H is the frequency of fipst-order oscillations and is
that observed in the siven regime (unfortunately the term "higher
order oscillation” which has gained currency in the literature is

very inept, since it factually refers to oscillations of lower fre-
on of microwave terminology would,

quencies. Review and reorganizati

it is thought, be most opportune) .

The origin of these oscillations should apparently be in-
timately linked with the behavior of the same electronic “rotor”,

which rotates as a whole, and which we first met in section Tole

The primitive description of the tangential oscillatory processes

given in section 3.2 likewise refers to their actual mechanism, as
Barkhausen's welectronic swing" does to the actual processes that

ding-field circuit.

cccur in the electron stream in the retar

Wnile first-order oscillation is characterized by complete

cylindrical symmetry, the process is observed in the case of higher -

& 391 -
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order oscillation to be dependent on the coordinate angle @ of
type sin © (or cos 9), sin 20 (or cos 28)yeeee gin pe (or cos PO
This fact leads 1O the formation of P nyavesh alons the perimeter
of the rotating electron cloud. What is the nature of these
nyaves'? Various answers nay be piven to this question, bat all
of them lead 1o the same quantitative cha?actarization of the
phenomenon. Brillouin [1], For instence, imagines these "waves'
as the consequence of peculiar elastic deformations of the rotat=
ing electron cloud, as & result of which it represents @ peculiar
kind of rotor of an alternator with 2p poles when higher-order 05~
cillations are involved., 1he variations in the space charge for the
fiprst four uorders" of oscillation are shown in figure T 15 Bach
type is represented by three curves, the broken line showing the
position at equilibrium and the two 501id lines showing the two
extreme positions at a phase difference of T, The perimeter of
the "electron protor! that is changing in this manner may be symbol-
ized by the ideas developed in Paragraph 3,2 about the motion of
the electron along a cycloidal curve laid out along 2 circular di-
rectrix. We recall that at that time We had to satisfy the condi-
tion E=HW T (formula 3.47) to obtain constant angular velocity
of rotation, and to assume, without any visible ground, that the
distribution of the space charge 18 uniform throughout the inter-=
electrode spa;egof the magnetron. It was subsequently shown Dby us
however (Pafégfaph 7.1) that the presence of this kind of uni.form
space charge is very characteristic for the magnetron and allows us
to explain the mechanism of first-order oscillations. By confining
ourselves to & wniform space-charge cloud, rotating along the peri-

meter of a curve that satisfies the conditions of Paragraph 342,

and - taking due account of. the condition of synchronization (3.52),

Declassified in Part it b, 4 é
- Saniti ;
ized Copy Approved for Release 2012/04/09 : CIA-RDP82.
- -00039R0002000900
10-0 ¢

5
1
i
i
i
i
i
i
1
%




Declassified in Part - Sanitized Cop

Approved for Release 2012/04/09

CIA-RDP82-00039R000200090010-0

the same {ormula given by Posthumous for the wavelength of the eXx-

cited oscillations may obviously be obtaineds

8
;
't
i

X = 9).;[211”&1‘{ (7.51)
Pla

The operation of two=- and Eour-semment maemetrons at H > Hk
1g shown in fisure 7.116, torether with @ representation of a possible )
deformation of the space charge. 1o sustain oscillation, & 1pillock”
must be formed in the space charsze opposite the negative segment,
while & “pitlet“ 1s similarly formed opposite ghe positive segment

(accordinq to the qeneral conditions of the transfer of oscillatory

energy to @ circuit by the electron stream).

e oscillalory process in the mul tisegment magne tromn, which
is connected,with the displacement of "pitlets“ and mhillocks", may
also be gescribed somewhat aifferently if we consider the nyaves"
that we prought in above -~ and which are formed alond the perimeter
of the rotating stream == to be 1ongitudinal waves thab require 1o
delorma tion, in a radial direction, of the cylindrical, rotating
cloud. In this case the principle part inlsustainin@ oscillation

is played by the tangential component of the current formed by the :

rotating space charge in the zone of action of the intersegment

alternating potentials. This tangential or ring component, &8 shoun
by experiment, has a considerable magnitude (over an ampere at total
filament emission of the order of a few millianperes). The process
of energetic interaction between the ring current and the interseg-

ment fields is 1ocalizéd, in the given case, in the ring zone that |

adjoins the anode surface. When we picture to ourselves the in-

stantaneous patternlof the Ting cur:ent in the multi—electrode mag-
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nelron, as shown in Fieure 523, We see that‘the electron stream

is retarded opposite lhe slots a1, Bnjeessy while it is acceler=
ated opposite the slots Ly, Doyeses in both cases by the inter-
segment electrostatic fields acting there, It is therefore ne-
cessary, in order to sustain oscillation in a circuit connected

to a proup of sesments, that the density of the ring currvent op=-
posite the a slots shall exceed that opposite the b slots, This may
occur in consequence of some process analogzous to the phase focus=-
ing in a linear electron stream which was treated in section 5,6,
Without making it our object here to consider the details of the
behavior of the ring current and of the mechanism by which conden-
salions are formed in it, let us imagine that mechanism to consist
of density-maxima and minima disposed in a certain definite sequence
along the perimeter, as indicated by the broken lines in Figure
5,23, while taking into consideration the above-mentioned conditions

for sustained oscillation. Assuming in the simplest case a sinu-

A
W9V
n=20 n=1 n=2 n=3

Figure 7.L5

soidal distribution of the tangential-current density along the

perimeter, 1ts value may be represented in the form

jp = 3o * Jpsin mx (7.52)

- 39h -
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(it is not difficult to see that sin mx 18 equivalent 1o Bril=
louin's sin po), where X varies from some arbitrary origin to

!
27T r,, while n = 2IC /0 - N here represents the ndensity=

wavelenath', The existence of these density waves, and allowance

At same voltages in semicylinders Virtual cathode

At same At different
voltages voltages

at different
voltages in
semicylinders

Figure 7.46

for them, 1is obviously equivalent to the introduction of the periodic
functions of the coordinate angle ( sin pe or cos pe, cf. supra).
The condition of operation win phase", oOr that of synchronization,

will obviously be

2LTT Y
NP:QWQ or Xs‘m\g'f‘

which leads to the following expression for jy¢t

jt = jO + sin %a P (Y053)

jl

On the ground that the velocity of displacement of a focal
condensation in the electron stream is equal to the velocity with
which focusing electron-packets move (cf. section 5,3), and deem-
ing the mean tangéntial‘velocity determined by the well-known re-=
latidn Vi '

= B/H (assuming an inconsiderable amplitude for the vari=

CIA-RDP82-00039R000200090010-0
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we may conclude that

ation of the current density jl)’

! 27T vy 208 Crosh)

Ae it =Gy T wh

rular frequency of the oscil=
/7

riod and an
pression for N, we

where T and 4y are the Pe
latlons generated. Taking account of the exl

obtain
_E.E
2 H 7Ty
which leads to the ex.pression
X JTMergh
= —%p

for the wavelength of the oscillations generated.
¢ the uniform space charge we have adopted, we now

By virtue ©
take for B the well known expression [ = 2Ugr , and again obtain
- : rs
the Posthumous formula:
9lerg H _
( 7055) ’

N THa

' This formula plays a8 important 2 role for the regimes of
tangential oscillation of the magnetron as the ©

5 rkhausen formula

ng—field system and the Klystron, oF the Okabe

does for the retardi
e radial oscillations of the magnetrone. The Post=

formulad for th
of which we have

formula may b

humou.s e obtained by various me thods,
demonstrated. the two simplest and physically clearest here and in

section 3424

p between 7\ and H obtained in

ct the inversely

The proportional relationshi
this case does not in the least contradi proportional
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relationship between the same quantities which obtains in the re=
gime of first-order oscillations, Ihis is not hard to understand
if we analyze the role of H as the flight factor in both cases, In
the case of first-order oscillations, an increase in H reduces the
transit time spent by the electron on its path, and consequently
shortens the oscillation period, In the case of higher-order os-
cillations, however, an increase in H leads to a reduction in the
rotational velocity of the electronic rotor, which is naturally
accompanied by an increase in the oscillation period. It must
nevertheless be remarked that the most seneral relation of the
Barkhausen type for all "flight" processes is catisfied both for

radial and tangential oscillations., A&nd in fact:

(a) First-order oscillations (radial):

>\= EQ, and since H = Hy = .12 , then q
H ry a ¢
Cor G

T\d U, = 6%7% = const,

(b) Higher-order oscillations (tangential), For them
usually
N H 5 let us put H = Kli, where k) L.

Then

}
H o=k, =k 6.72 /o
l"a a

or, by substitution in the Posthumous formula, we get

:\h,ua = éﬁ%g_ rzk = const., (7.56) %
&
- 397 -
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A very vivid idead of therelation between Ug, H and
under the regime of higher-order electronic cscillations may be

obtained if we

Ficure 7.L7

transform formala (7.56) into
— %2, (7.57)

where G = p2A6330)2r§ is the meometric constant of the tube in
question. u5traicht iso-wave lines" may be plotted in coordinates
Uas kz, on the basis of equation (7.57) and these may then be used
for computation, & verification of relation (7.57), undertaken by
the author and I. I. Vasserman [8] yielded the following results.

If expression (7.57) is presented in the form

1

M (7.58)

the ratio ?-/k might be expected o remain constant at constant

>

" Uy and varylng H for the glven tube. Experlment showed that as k
1ncreases, the ratlo :)h/k asymptotlcally approaches the value cal-

culated from iormula (7 58) Wé 1:lustrate this by Flgure 7.L8,
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which mives the curves 1. f(k) for B~, 16~ and 20-segment mag-
I
netrons, at constant Uy of 500 volts and identical ry = 0.5 cm,

alongside of the calculated values (the straight broken lines).

The analysis presented assumes that any two contiguous

serments at any given lnstant ghall be opposite in sien to each

other, This condition is automatically satisfied where the anode

L
/\[;; calculated

ficure 7,48

Figure 7.19

of the magnetron has an even number of segments, of wnich half are

‘ P connected to one pole of the oscillatory circuit and half to the

; other, as shown, e.g. by Figure T.L9 for the four-segment magnetron,

{
!
{
|
|

The distribution of potential along the perimeter of the anode may

Figure 7.50
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here be reprcsented by the proken line of vipure 1,50, and may be
expanded snto a Fourier series; DY virtue of gymue LYy this serles
will have only uneven harmonics. This means that oscillations
corresponding Lo the types tp;y 13P; Gy esr v may be excited in
a magnetron with 2p anodes. The First of these terms is the most
{portant, and by continint ourselves o it we may write the
followins expression tor the dis Lribution of pot@nt:'\,ul along the

anode perimeters
Uy = Uo * CUq sin erl& (7.59)

where Uj 18 the DL voltasge and iUlel' t ig the oscillatory vol.tage
on the anodes. e coefficient ¢ is obtained from the expansion
of the curve in Pigure 7.50 into @ sourier series. 1t is near unity
as is shown by its calculation for the extreme cases:
8

oA =O; 5._.?; C:TTL:Q,O.S

T | 4
HBIS=O3C=%|"//‘\7L'2'8

Very narrow anodes:

i

Very broad anodes? o

mwla (7.59) may be expanded into tWwo

The second term of Lo
imaginary exponentj_al series, which &r€ symbolized by the decompos=
ition of an oscillation, into two opposing rotations, which is usual
in many comnon practices for many theoriés. This gives Us the
following expression {or the distribution of alternating potential

along the anode perimeter:

Li(82 t - m8)]

cu s
CuUpsin poe” v 2—;1 [el((”““t +18)_
(7.60)

The same ampli‘budé of the alternating anode voltage corres=-
ponds' to both rotations, but the density of c.:urrvents I(n) and I(-n)
are different. It follows from this that the magne tron may be
chwd pa‘rallél impedances Z (m)a%m Z(-n)3

represented as a system of
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Pigure 7.51

the resultant impedance 7 is represented

(7.61)

The situation is a 1ittle differcnt in the case of the multi-

circuit (”multiccll") magnetron schema lically represented in Figure

7.51, Here all the circuits Llcl e LhCh are identical and one

anode may lead its neighbor by a phase angle less than TC . The

single condition is that the first anode (arbitrary assizment!)

must be reached again, after a full revolution, at phase O or

2naC. In other words, in a magnetron with 2p anodes, the total phase :

shift after a full revolution must be 27T , LT 5000y 2P TCs which

gives us the following possible values for the phase angle between

two adjoining anodes:

__’Tr) 25 oes p-1
@ -5 5 SR
In view of this the arrangement represented in Figure 7.51

may be operated at frequencies corresponding to the types of os-

- 1oL -
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cillation:
n' = 1, 2y evey P - 1, Pe

1t is hard to provide for the origination of any one Lype

of oscillation in this casc, and W elimihate the possibility of
spontaneous establisiment of a regime, the anode segments in the
multicell macnetronsd in Lechnical use are consecutively connected

by short conductors, thus imposing compulsory phasing on all

anodes and circuits participatin;{ in the processs

However, the multi-cireult schematic of pioure T.51

affords greater opportunities than the sinqle~circuit desien of

Fioure Tehds And, in fact, & nasnetron with an odd number of

anodes may De excited under a multi—circuit sys Lem and polyphase
UHF alternating currents may, accordingly, be obtained, &8 has

been shoun experimentally in a number of projects fey, 207, Us-
cillations take place 1in polyphase systems ander the same condi-

tions as in the ordinary slotted masmetrons. The proportionality
be tween and 11 also holds, and only the synchronization conditions
mus v naturally be tormulatedAsomewhat differently OB account of the

off number of segmentse.

7.5 Y NATRONIC " 0SCILLATIONS N THE AGNETRON

The meaning of the term “dynatronic" oscillations has already

been explained in the foregoing discussion. We once again emphasize

the very inept choice of this term. but unfortunately the other term®

e too much to be wishede

suggested for this phenomenon 1ikewise leaV

Thus, the oscillations obtained, on sccount of the static falling

cnaradteristic in a circuit connected to 2 slotted magznetron, are
some times called “circuit.oscillationsﬂ. However, the so-called

- 102 - ‘
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neglectronic oucillations" are excited in & certain circult only
when there is 2 peculiar mechanisn of energy exchanfe pbetween that
circuit and the electron s tream., The term naonvec bion oscillations“
has also been pr‘oposed. While we recognize Lhat this term corres=
ponds somewhat better Lo reality (the tgonvec tion" of electrons be-
tween anodes), W2 still prefer the term “dyuatronic“ oscillations,
since it contains & dgirect reference to the presence of a static
falling char‘acter‘lstic. 1¢ is in esoence th‘e latler that determines

this phenomenone

pirst of all we mst note that no sharp 1ine of demarcation
can be drawn between the electronic oscillations we have been des-
eribing and the “dynatronic". 1f we plot the excitability of a
slotted magnetron, characterized, for instance, by the masximun at-
tenuation of the circuit at which oscillation still occurs, &5 a
function of the order 1 of the oscillations, we cel the graph of
M egure 7.52. I+ will be seen from it that for small values of n
(n 1 - L) the frequency of theoscillations excited corresponds
with fair precision to the integer values of n. Discrete excitation
regions correspond to n = 1 and n = 2, but these are not observed
in all tubes. For Lwo-segment magnetrons there 1s no region n = 2,
while this region appears only seldom in four-segment tubes. The

region n = 3 can occur only for tubes with a number of segments

divisible by 3, For values of n = L, as may pe seen f[rom Figure
7.52, excitability is obtained for any value of n, which need not

be a whole number, Ab this point the nezative resistance produced

e BT

i by the motion of eglectrons through fields approximating stationary

ones, commences to operate. The flight factors redede to the sec~

ondary level of importance, while the static falling characteristic

[
i
i
3
]
i
. ‘i\

3
g

1

- 403 -

Declassified in Part RS i3 '
- Sanitized Jron ARG : i £ N
Copy Approved for Release 2012/04/09 - CIA-RDP82 o.‘ S
: CIA- 00039R000200090010-0 e
10-0




Declassified in Part - Sanitized Cop

Approved for Release 2012/04/09 : CIA-RDP82-00039R000200090010-0

ExcitaRility R,

3 L5 &) Tn

fizure T.52

may be considered the fundamental element that determines the os-

bility ol the system. The continuous transition

cillatory poss:
from the higher-order electronic oscillations to the “dynatronic”
may also be very ¢learly illustrated by Figure 7.53, which shows
the curves of equal efficiency on the plane )\ - H for four-segment
tubes. The rollowing circumstance, which is easy to see from this
diagram, is very characteristic and worthy of attention; the maxie=
mum values of the efficiency correspond to those regions of higher
order electronic oscillation that have low values of n, and then,
after a certain “gap", the efficiency once more increases on

account of the purely "dynatronic" oscillations,

H oersteds

1000
) -segnent GEMREKIR tube (ry = 0.5 cm)

U, = 500 volts I = 50 milliamperes
Numbers on curves

500

0 . 1 2 3 N

Figure T3

4 i
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This fact indicates: (a) the very favorable action of the synchron-
ization of alternating field and electron-motion that manifests it~
self at relatively low values of n; and (b) the existence of a cer-
tain "ransitional regime, under which the synchronizing factors
still play a part, but where the main course of excitation is appar-

ently the static negative resistance,

Study of the dynatronic oscill

ions reduces to two basic

stazes:

(a) prool of the existence of static nezative resistance and
calculation of the static characteristics; and (b) analysis of the
oscillations of a system with an assigned characteristic, The prob-
lem posed by the first stage may be considered solved, on the basis
of the data in section 7,3, for the material therein set forth proves
the presence of the static falling characteristic in certain slotted=
magnetron regimes, In the second stage, the ordinary radiotechnical
methods may be applied, which allow us to bring thé theory of "dyna-
tronic! oscillations almost up to the theory of ordinary oscillator

tubes,

Let us now set up the differential equations of oscillation
for the magnetron oscillator for which the skeleton diagram and
operating circuit are given in Figure 7.5l [23]. We denote the cur-
rents in the branches of the circuit by 1, and I,, and the currents

ia the segments of the anode by i1 and i2; and may write the follow-

ing conditions:

du .

| ot R

a (7.62)

2 @ "t

2 )08 -
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(b)

Fisure 7,54

Here C is the total capaclly of the circuitb, including the
intersesment capacity, and U is the intersegnent potential differ-
ence. LI Ly, Rl and L, R2 are the values of the inductance and

4
active resistance of the respective pranches of the circuit, then
obviously
dI- . . dL? .y
- o 1 + Ry, & Lp — W0
A e 2Io Lo 5¢ (7.63)
Substituting the values of Iy and 1'2 from (7.62), and

asguning, by virtue of the symmetry of the circult diagram, that

Ry =Ry = R/2, and that Lq = L. = L/2, we obtain the following

2
equation:
2 iy o i ‘
il g @, By + G St a(d1 - 12) Lo, f
ate qt LC 2101 2 2C dt
(7.6L)

The question of the condition for the self-excivation of the
systen may pe solved 1f we only know how (‘il - '12) and U are inter-
related, 1.@ if we know the equation of the diversity characteristic

of the magnetron, 81utskin (23] has proposed the following thirde=

degree equation for the two-segment magnetrons:
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. _=3 ., I 2 3 v
i, -i, =% Tﬁ u o+ E (T /U0 (7.65)

which reproduces fairly well the characteristics that have been
experimentally observed. [Here I, and Um are the maxima of the
diversity current and potential difference U between.the seguents.
Denoting the mean value of the slope of the diversity characteris=~
tic by & = Im/Um, and makine use of the equation of the character-
istic, we may transform equation (7.6L4) and find the condition for

self-excitation of the circuit in the form:

[l =}
{
=hw
clu:
I~
(@]

(7.66)

L

I

or, since = 7, then

Since the value of S is directly connected with that of the

w!c—
[SEiad

negative resistance R in the magnetron: 8 = 1/R the value of R must

therefore satisfy the condition

i \< % 7. (7.67)

If the intersegment potential difference U = Uocos t, then

the oscillatory power is expressed as follows:

3Im 3 Im )
Posc = B i Uo 32 U% Ug* (7.68)

In the case of the regime being established it is equal to

the power consumed by the circuit

- LO7 -
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Whence we may find the amplitude of the oscillation es~

tablished:

(7.69)

At the same time the efficiency may be expressed as
\q=,L_&_m_
3 UyIg (7.70)

Ia here represents the mean value of the emission current
when the system 1S oscillating, The value of Uy, must be selected
by changing the magnetic field, as i1lustrated by Fimure 7.55,
where the straisht pbroken line delines by its slope the mean nega-

tive resistance of a masnetron oscillating under the optimum regine.

But the characteristic expressed by the third-degree equation
of (7.65) gives a description of the phenomena only in rirst approxi=
mation, The uext approximation is given by a #1fth-degree equation
of form

i, -1, =80+ b3+ U2,

which in expanded form may be represented as

. s . 5_ U0 3 f TP .
iy =i = s - (280, * 3% Im) 7 +(§ I, * .ooum) = (7.71) j
m

where 50 is the transconductance of the characteristic at the origin
of coordinates. IFor H > H,, when the falling sector of the charac-
teristic commences at a certain finite AU (cf. section 7.3), we may

set 5, = 0 and bring (7.71) to take the form

(7.72)
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which reproduces the actual course of the diversity characteristic
for w/} Hk better than the third-desree equation, The introduction
of [ifth degree terms into the equation ol the characteristic is

also dictated by the need for taking account of the phenomenon of
elongation observed in two- and Four-sesment magnetrons when the
oscillation regime varies smoothly, If 5, , the value ol the trans=-
conductance SD of the diversity characteristic at the oriwin ol co-
ordinates is employed, we obtain a condition for self-excitation that

does not depend on the shape of the characteristic:

. D -
5,5 (7.73)
20 s
16 U, = 1000 volts
12 d = 10 mm
a
8 1, = 15 mm
L

11,00 1200 1000 800 600 LOO 200 200 1,00 600 600 1000 1200 1400

Figure 7.55

The magnitudes of the amplitude established, the optimum

amplitude, the oscillatory power and the efficiency for a maznetron
described by a fifth-degree characteristic are expressed as follows:

2

“ho9 -
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o EE

(% denotes the existence of two stable values for the amplitude)

6 9 6
Uopt W/;” oot -5 3 W

0027 LU (7470

Thus, a magnetron operating under a "dynatronic oscillation"
regime and manifesting static negative resistance'is in many ways
similar to the ordinary oscillator tube, and all that has been
worked out for the study of the latter may be rully utilized for
the former. Further development of this theme would lead us .out=
side the scope of the present exposition, On questions concerning
calculations for the magnetron oscillator and various technical de-
tails, the reader is referred to Chapter 6 of my book Qgcimeter_ggg
Centlmeter Waves, 1939,

7.6 THE “ASYMMETRIC REGIME OF THE MAGNETRON

In takin~ static characteristics of {the magnetron we must

contend with parasitic [dikiy] oscillations, which sometimes show

up in the most unexpected regimes, for instance at H/& th and DU A
(0.5 - O.B)Ua. Over a nunber of years the so-called Ha symme tric!
regime of magnetrons of various types has been systematlcally studied
in our laboratory. This term mst be taken to denote the operation
of a magnetron at constant potential difference 15 Uo applied be-
tween the segments. In additién to Ug, Hoand T ps which are the

ordinary parameters of the‘regime,]ﬁ‘Uo'is here introduced as a
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Figure 7.56

new parameter that characterizes the electrostatic asymmetry of
the system. The role of this parameter may, to a certain extent,
be compared to that of the constant grid dispiacement in the
ordinary oscillator tube. Hecalling Ficqures 7.2l and 7.25, which
showed the analogy between the schematics of the magnetron and the
ordinary oscillator tube, we may get some idea of the action of
the factor of electrostatic asymmetry AU from Figure 7.56., from
looking at the static characteristics of the magnetron for H Hk
we may expect the excitation of oscillation to be facilitated when
symmetry is disturbed by displacing the point of rest by  Ugs along
the axis of abscissae with respect to the various parts of the
characteristic., If the characteristic is conceived as consisting

in first approximation of recltilinear segments, the operation of

the magnetron may be represented as follows (Figure 7.56).W Here

Av = AU, + A Upeos®t; ATy = D, +A Ujcos 6, where 8

plays the part of the angle of cut-off. If the characteristic of
the type.plotted is symetric with respect to the origin of coor=-
dinates, then under the condition 2 AUO = A U, (1 - cos8), the
oscillator operation becomes one~sided, impulses of A i of only
a‘single sigh occur in the circuit. This may have certain advan-
tages with respect to increasing the simplicity of the relations
obtained and making the ofdiﬁary theory of the triode oscillator
‘more applicable. -‘The fqle of A Uo as one of the factors of the

regime has been studied for all fegions of magnetron oscillation

- “u‘.ll -
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by the author and A, i, Sus [26], N. I. Grachev [2L, 27], and

Vasserman [28]., The followine is a brief resume of their results:

(a) The role of electrostatic asymmelry under resimes of "dyna-
tronic" oscillations (applicable to two- and four-segment magnetrons)

i was for fairly long waves (>\ 27 200 cm) so as to exclude the in-

; Pluence of the slight factors as‘far as possible, The typical
pattern corresponding to considerable values of H (H A 2Hk) is
shown in Fimure 7.57, in which are plotted the branches of the
diversity characteristic Ai and the curve of oscillation inten-

[ sity in relation to A U,, the constant potential difference be-

tween the seaments. The latter discloses several oscillation re=-

100 Li~segment magnetron
80 d =10 mm
a
I
1 60 Upo = 550 volts
] ~ ;
LO ! H /A Hk
o N\ f\
\ .
1 0 50 100 150 300 350 LOO LS50 500 550 600 2 U
] a
volts
2
\ ol
6
|
3 i
|
E
10 ;
i
i ‘ Figure 7.57 i
%

oions: the most intense oscillation corresponds to Region A, which

i >

is located alomg the steepest part of the slope of the falling

|
; |

g !

A characteristic., Region B, which has a somewhat lesser intensity I

| |

5 !

| |

&
% . .

| L2 - !
oo . | ‘ | L I
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lies alons the sently slopins part of the charécteristic, and,
finally, Region C corresponds to the ordinary "symmetrical" os-
cillations of the magnetron, which are observed when uniform
potential is applied to all segments of the anode, At other
values of H, of course, there is a different pattern of disipie
bution for the Regions, 4 typical "working diagram [or the
asymmetric regime'" and pattern of the osoillatibnircaions on
the plane H -AU, has the form shown in Figure 7,58, In all

oscillation resions the wavelength is determined by the circuit,

Thus, the introduction of electrostatic asymmetry into the
regions of dynatronic oscillations may lead under certain condi-

tions to increasing the oscillatory power ol the wmagnetron,

(b) Under the regime of first-order electronic oscillations the
role of the factor 1& UO was studied in mapnetron tubes with 2

to 20 segments, and the followine conclusions drawn. Variation

onSIIO within the range 0 - Ua has no practical effect on the f
frequency senerated, but at A U & 0.6 U,, leads to the forma-~
tion of a fairly diffuse maximum of intensity, which is well exe

pressed in the fonr-sesment tube. With increasing number of seg-

ments this maxdiwmunm is displaced towards hicher values of zﬂ Uo i

and becomes still more diffuse. Electrostatic asymnetry apparent-

ly acts as a peculiar selective factor for first-order electronic
oscillations, and its action may be likened to that of the addi-

tional field of lateral plates [bokovaya. plastina], |

(c) Under the regime of higher-order electronic oscillations,
variations of AUb (0 - Uy,) and H (H - SHk) are obtained in a

very broad region when the oscillating circuit is appropriately
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tuned, TIf H is held constant, then with only the factor

AU ‘
0
varying, wavelength is observed to remain almost constant (with

some tendency to fall as A\Uo increases), but the maximum of os=

cillation intensity 1ls more sharply expressed than in the pre-

ceding case, and 15 reached in the resion where AU o varies

from 0,2 Ugy to 046 Uy [29).

r up this chapter, the £ollowing must be noted.

In sumimd

The masnetron igs one of the most important devices for senerating

microwaves, 10 unquestionably takes the first place in obtaining

the shortest waves of the highest power. Bul the physical processes

that accompany mapnetron operation, especially under the regime

of higher-crder electronic oscillations, are Very complex. while

the magnetron in peneral obeys the fundamental relations that

characterize the operation of eenerators of electronic oscillations !

(within the meanine of the definition given in the Introduction)

it also manifests peculiarities which hamper considerably the in-

vestization by the ceneral methods that yield a reletively simple

2-semment magne tron

[aN)
B

6 mm

U, = 300 volts

}, milliamperes

The figures on the horimntal
lines give the oscillatory
voltages on the segments

e
3 L 5 H/Hy "
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physical pattern for the operation oi other gelllators. These
the nagnetic

pecu.]_iax'i ties

are connected with the presence of.
field as the @lement that determines glectron dynarics, with the
pesultant areat aiversity of the px‘ocesses of exci tation and the
sirr,nii‘icant part played by the space charze. N connection with
this & c;onsideruble mumber of basic factors still remaln almost un-=
gnch ractors include, for example;

|
“ touched o0 the -physical side.
the actual character of the elec,'l;x:'on-tra.jector:'\.es (especial’ly the
£ ihe existence of out~oing and re'tumin,q electron
of h'i.gher—ordet'

ques Lion ©

cams ab 2o, th a1 mechanism'

shr e npangenti
electronic oscil].ai.ions s the maw,nitu.de and role of the ring~
in the magnetron.

4 other detail

currents, an 1s of the processes
L consistent application of ‘the g.\:eneral theory
to the tangential pro-

‘ The systematic and
of the dynami ¢ control of electron S

treams
cesses il Lhe masneiron has appzxrently peen able o deepen con-
giderably our knowledze of them.
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